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Abstract

Emissions of CO, are constantly growing since the beginning of industrial era. A historical value of 33.1 Gt
CO, emitted per year was reached in 2018, while a slight decrease of this value was observed during the
covid pandemic.

Trend monitoring suggests the occurrence of a scenario where the carbon budget necessary to stay within
the 1.5° C warming will be sufficient for 9.5 + 0.1 years (2031) or 6.6 + 0.1 years (2028) depending on the
estimated likelihood level, of 67% and of 83%, respectively.

Interruption of the production of major emitters sectors (energy and agriculture) is not a viable way and
reducing all the emission through carbon capture and storage (CCS) is not economically viable and little
publicly accepted, therefore, it becomes fundamentals to take actions like retrofitting already developed
infrastructure employing cleanest resources, modify the actual processes limiting the emissions, and reduce
the emissions already present through direct air capture.

The present thesis will deeply discuss the aspects mentioned in regard to syngas and hydrogen production
since they have a central role in the market of energy and chemicals.

Together with an overview of the main advantages and limitations of the processes actually employed for
their production, the discussion will consider which steps are critical from an emission perspective, and the
mitigation strategies commonly adopted.

Among the strategies discussed, greater emphasis is given to the application of looping technologies and to
direct air capture processes, as they have been the main point of this work.

Particularly, chemical looping methane reforming to syngas was studied with Aspen Plus thermodynamic
simulations, thermogravimetric analysis characterization (TGA) and testing in a fixed bed reactor.

The process was studied cyclically exploiting the redox properties of a Ce-based oxide oxygen carrier
synthetized with a simple forming procedure. The two steps of the looping cycles were studied isothermally
at 900 °C and 950° C with a mixture of 10 %CH4in N> and of 3% O, in N, for carrier reduction and oxidation,
respectively.

The effect of the process times on carbon deposition, specific syngas yields, and selectivity, was inspected,
together with the investigation of best conditions to fully regenerate the carrier, adjust the syngas final
ratio, and ensure stable performances.

During the stay abroad, in collaboration with the Swiss Federal Institute of Zurich, a CO, capture process in
presence of amine solid sorbents was investigated, studying the difference in the performance achievable
with the use of contactors of different geometry (pellet, monolith at closed and open channels).

The process was studied at two concentrations (382 ppm CO; in N and 5.62% CO, in N;) and at different
flow rates, to understand the dynamics of the adsorption process and to define the mass transfer limiting
step.

The study confirmed the closed-channel monolith as the most promising contactor for the adsorption
stage, among those explored, with a productivity per unit of sorbent mass greater than 100% and a
decrease in energy penalty of 68% when compared with pellets.






Contents

R ) oo [¥ ot d o] o BTSSP T TSP VPP PP 1
1.1 Energy and syngas: role 0N the Market..........oooiiiicciie e 6
111 Production from renewable reSOUICES.........coiviiiiiiiiiiiieee e 8
1.1.2 Syngas production from reNeWabIES.........uiiiiiiiiiicee e 10
1.1.3 Syngas production through conventional FOULES ..........cccuviiiiiiiiieciiee e 11
1.14 [WoToT o ] oY= oloT 0 iT={U] =) 4[] o FOU SRR RR 13

1.2 CO; emissSioN MItiGatioN STrateEIS. ...uueiiiiiiiieiiiteee et e e e e s e aareeeee e e e s 15
1.2.1 Storage and utilization: Capture from sOUrce POiNt.......ccceeieeiiiiieciieee e 17
1.2.2 Storage and utilization: Capture from the atmosphere ......cccccvvviviiiiicc e, 19

1.3 Materials for methane reformMing..........ooo oo e e 21
1.3.1 Ceria-based OXYZEN CAITIEIS ......uiiicciieeeecieee ettt e e et e e eette e e e ete e e e e etae e e esasaeeeesasaeeeensaeeesanseneens 23
1.3.2 Ongoing challenges in the USe Of CEO 2. ..uuiiiiiiiiiiiiiiie et e sareee s 25

14 ATM OF The WOTK .ttt sate e st e e st e sbe e s baeesabeesneeas 27

2 Process sSimulation: ASPEN PIUS ......ccocuiiii ittt e et e e et e e e e eata e e e e eabe e e e eeabaee e eenraeeeennrees 29
2.1 ASPEN BaSiS e, 29
2.2 ThermodyNamiC aSSESSIMENT ........eiiiciiieeeeiiieeeeciie e e e stre e e e stte e e e s treeeeetteeeeastaeesesteeesasseeeeesseneeennsens 30

3 Material and characterization ..........eoouii ittt sabe e b e e sare e 33
3.1 (0T T g o1 ¢=T o - -1 o] o F OO PP UPUOOPPPPPT 33
3.2 Thermogravimetric ANalYsis (TGA) ......ueie it e e e e e e e e e eate e e e e bee e e enreeeeennnees 34
3.2.1 AT ool o] [ USRS 34
3.2.2 YN 1Y o= T [ Te I o U APPSR 35

N = 15 [ o= ST P TP PTPPPPP PP 37
4.1 Y= A0 o Je [F o 1o 1 4] o FO SR 37
4.2 RaAtiONAlE EXPEITMENTS. ..cci ittt e e et e e e et e e e e e be e e e s abeeeeeeabaeeeesnbaeeeeeaseeeeensens 39
42.1 EXPeriments @t lONG tIMES .....cci ittt e e e et e e e be e e e e eabae e e eeabaee e e nres 41
4.2.2 Experiments at fiXed tiMES ....coii i 42

4.3 (D L= o] fo ol =1 o V- PP PTPPPPPPRRNE 43

D RESUIES ettt ettt e r e e h e s h e sae e e n e e bt beenreennees 47
LI €] o Tol [V o T KOO T OO USSP USSP 58
7 ReSearch activity @broad .......oeeeeiiiiiiee e e e e a e e e e e e aarraraaaaaean 61
7.1 Y L= T | PSPPSR UPPTOPPOPRRPRTION 62
7.2 Y= U] oI oY A F) 4 Y- TSR 64
7.2.1 EXperimental ProtoCol ... ... .. e e e e e e rrae s 69
7.2.2 Yi¥e 0T o] d oY o =1 o Yo o 1R 70

7.3 Lo =T g a0 1= g L 4 To 1 6 AVZ= 1 [0 o PPN 72



7.3.1 Preliminary @XPErimMENTS ... it rtre e e e stre e e e bae e e e sabae e e e sabae e e e arees 72

7.3.2 EffeCt OF FlOW Fate ..eeeieieeeeee et e e s 73
7.33 Effect Of CONCENETrAtIoN .....eii et 74
7.3.4 ViV o ThuToY o lo) ik g YT T D N o] [V = RS 75
7.4 (DY I o] fo ol = 1] 1 o = SRR PPPPPPPPRE 76
7.5 Main contributions Of this WOIK ........ccocuiiiiiiiiiii e 77

I = 1o [To Y= =T ] 1 VPRSP 87






Figure 1: Annual CO:z emissions by world region. Here are reported fossil fuel and industry emissions without

considering fossil emissions derived from land use change, deforestation, soils, or vegetation.* 1
Figure 2: Global greenhouse gas emissions by sector for the year 2016. * 2
Figure 3: Global energy and electricity breakdown of the employed resources. ° 3
Figure 4 Global direct primary energy consumption: contribution of renewable and fossil resources.° 3
Figure 5: Share of natural gas in total energy-related emissions of air pollutants and CO: (one year reference).’> 4
Figure 6: World natural gas resources by major region.** 5
Figure 7: Market trend of syngas.’® 6
Figure 8: Syngas derivatives with reference to their composition (*H2/CO molar ratio).*® 7
Figure 9: Stages of production of hydrogen and syngas for the traditional steam methane reforming.* 11
Figure 10: Looping process for syngas production: a) partial oxidation, b) steam reforming, c) dry reforming.?” 13
Figure 11: Calcium looping integration in COz capture.®® 18
Figure 12: Biomass valorization for green production of fuels and high value chemical compounds. % 19
Figure 13:Scheme of a complete redox cycle of reduction with CH4 and oxidation in air. 30
Figure 14: Scheme of Netzsch-STA-449C Jupiter device. 34
Figure 15: Set up employed for the experimental campaign. 37
Figure 16: Experimental set up as it is in DICAM laboratories. 38

Figure 17: Overall delay time at 900° C for sensor typology a) TCD, b) electrochemical, c) NDIR (red for CHa, blue for CO,
yellow for CO>) 39

Figure 18: Sensitivity analysis results, collected between 860°C and 950°C for a stoichiometric [O/CH4] ratio, of a)

reactants conversion and reaction selectivity, b) carbon deposition and syngas ratio. 47

Figure 19: CeO2thermogram recorded in absence of reducing agent. 49

Figure 20: Thermogravimetric results for 80 mg of cerium oxide obtained at a reduction temperature of )900 b) 950 for

consecutive redox cycle using CH4 4 mol.% in Argon for reduction and air for oxidation. 49

Figure 21:Reforming results of CeO: conversion, outgoing gases profiles, syngas yield and selectivity at a), b) 900 °C

and c), d) 950 °C achieved for 10% CHas in Nz and carrier load of 15.34 g. 50

Figure 22: Different contribution to hydrogen production rate of methane cracking and partial oxidation at 900 °C and

950 °C. 52

Figure 23: Carbon build-up for a reduction stage of 30 minutes and an oxidation stage of 5 where 1) is the total carbon

formed in reduction, 2) the quantities combusted in the regeneration and 3) the residual carbon. 53

Figure 24: Oxygen balance of an overall redox cycle with a reduction time of 30 minutes and an oxidation stage of 5
where 1) is the total oxygen supplied 2) the oxygen employed in carbon re-oxidation and 3) the oxygen released during

reforming. 53

Figure 25: Evaluation of the effect of carbon deposition on the lifetime of CeO: carrier material over consecutive redox

cycles. 54
Figure 26: Average gaseous profiles obtained during eight redox cycles of carrier regeneration. 54
Figure 27 : Yields stability over 8 consecutive cycles. 55
Figure 28: Syngas yield and ratio achieved after completing redox cycles. 55

Figure 29: Details of the gas-solid interphase of pellets and monolith. 62




Figure 30: Contactors studied during the experimental campaign. 63

Figure 31: Equipment to carry out the testing for pellets and monolith. 64
Figure 32: Set up available et SPL facilities for wet and dry adsorption testing. 65
Figure 33: Set up after the first adjustment. 66

Figure 34: Stages of the process depending on the way of conducting: a) A: adsorption until saturation of the bed, BD:
column evacuation down to vacuum pressure and external heating, H) external heating to fully remove air/Nz, D)
desorption of CO: at vacuum via external heating; b) A: adsorption until saturation of the bed, P: column purge with N2

and external heating, H:external heating to fully remove air/N, D) desorption of COz with Nz and external heating. _ 67

Figure 35: Experimental set up sketch of the final equipment employed for testing. 67
Figure 36: Main information achievable on the thermodynamic from a breakthrough curve. 70
Figure 37: Area of interest for the Kinetic information achievable from a breakthrough curve. 70
Figure 38: Flow direction for a monolith with closed channels. 75
Figure 39:Reproducibility test measured on a) pellets, b) monolith. 77
Figure 40: Total delay time at the main velocities and compositions employed for testing pellets and monolith. 78
Figure 41: Axial dispersion results for monolith. 79

Figure 42: Contribution of axial dispersion in adsorption test at different velocities related to a monolithic contactor. 79

Figure 43: Effect of axial dispersion at low CO: concentrations. 80
Figure 44: Adsorption measurements on pellets at different flow rates. 80
Figure 45: Effect of concentration on a) pellets and b) monolith. 81

Figure 46: Comparison between pellets and monolith at equal flow rate [0.002 mol/s] and CO: concentration

[382ppm]. 82
Figure 47: Monolith with the 3D printed plug (Nylon 12). 83
Figure 48: Influence of plug addition on the kinetic of the monolith at different flow rates. 83

Figure 49: Specific energy demand as a function of productivity for pellet, monolith and plugged monolith normalized

on a) contactor overall mass and on b) mass of active sorbent. 85




Table 1: Syngas composition obtained by gasification of different raw materials.? ...........coceeeeeeeeceeceeeeeeeseeeeseseanns 10
Table 2: Time and process temperatures employed for methane chemical looping over CeO;oxygen carrier. ............... 42

Table 3: Aspen plus results for the carrier regeneration carried out at the following ratio CHa:CeO:: air = 1:2:2.38. ..... 48

Table 4: Oxygen released value for fresh cerium oxide sample achieved in TGA and for fixed bed experiments............. 51
Table 5: Y~AIUMING FINGS PIOPEITIES. ......vevuveerieisieeeitesieesit st estt st site st e siteesateesateessteesateesstsessteesasesssteesstaensseessseenssees 63
TADIE 6: MONOIItN PIOPEILIES. ......coeeeeneeieeee ettt ettt s et e s ittt et e ettt e sat e ettt e s aneenaneesaneenanees 63
Table 7: List Of eXperiments dONE ON PEIIELS. ...........c.c..eeeeeceieeeeei et ee e e et e e e e e e tee e e sttt e e seseaeestsaaasstsaseesnseaeesaseeas 68

Table 8: List of experiments done 0N MONOIILA. ............ccocuvee oot ee et e et e e sttt e e et e e e s e e e staaeeesseaaesanaeas 68






1 Introduction

In daily life, huge amounts of carbon dioxide are continuously emitted to the atmosphere, to meet the
needs of humankind. Indeed, the demand for energy and chemicals is constantly increasing, largely driven
by the economy and the population growth, started after the pre-industrial era. As a consequence, an
extensive amount of CO; is released in the atmosphere, causing a rise in the concentration of CO; in air that
determines a change in CO, composition from value around 250ppm with periodic fluctuations, never
exceed 300 ppm, to the actual 420ppm. 12

Fig. 1 shows the impact on the emission brought by several countries, and it evidences among them the
larger emitters in China and United States.

These two countries are identified to be part of the ten main emitters together with India, Russia, Japan,
Germany, South Korea, Iran, Saudi Arabia, and Indonesia, and all of them are estimated to be responsible
for over the 68% of the global CO, emissions. 3
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Figure 1: Annual CO, emissions by world region. Here are reported fossil fuel and industry emissions without considering fossil
emissions derived from land use change, deforestation, soils, or vegetation.*

Fig. 2 displays how these emissions are distributed on the various sectors; energy accounts for almost
three-quarters of the overall emissions balance, while the other quarter is occupied by agriculture,
industry, and wastes. The share for transport (rail, aviation, shipping) and for energy use in industry (mainly
heating), has the highest weight on the total energy emissions, and this is related to the difficulty to
electrify these two sectors. This is, in part due, to the fact that the electricity system has not the capacity to
cover the heating demand; indeed, in most European countries, the demand factor for heating and cooling
is 2.5 times higher than the current rate of electrification. >



In addition, at the present time, only one third of the total electricity production relies on renewables and,
being far from being fully decarbonized, electricity cannot reasonably be considered as a backbone for the
heating sector. Also until the electricity is not fully carbon free, it could not support properly even the
transport sector because the deployment of electric vehicles could imply a large increase in the energy
demand to power their batteries and even if direct emissions from transport can be reduced, without a
strong system which regulates the equilibrium between transport and energy sector, these emissions
would be shift from the transport sector to the power sector.®
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Figure 2: Global greenhouse gas emissions by sector for the year 2016. 4

According to International Energy Agency (IEA) data, yearly CO, emissions around the world increased from
20.5 Gt/a to 32.8 Gt/a in the years between 1990-2017.7

The CO; emissions reached a historical value of 33.1 Gt CO/a in 2018, & while they exhibited a reduction in
2020, due to the restrictive policies applied as a consequence of the global pandemic caused by COVID-19,
followed by an increase of 4.8% in the 2021 (between 34.6—35.2 GtCO,/a). At this latter estimate, if no
notable action is taken, the carbon budget to stay within the warming of 1.5° C might be used within 9.5 +
0.1 years (2031) or 6.6 + 0.1 years (2028) depending on the likelihood level, respectively of 67% and 83%
for the two cases. The same calculations done to predict the scenario to contain the earth’s warming within
2°C shows the probable end of carbon budget to occurin 31.0 & 0.3 years (67% likelihood) or in 23.8 + 0.3
years (83% likelihood).’

This implies an urgent need to switch from fossil fuels to renewable resources, and to retrofit the actual
plants to make renewable energy an alternative profitable.



Currently, the market is still dominated by fossil usage, Fig. 3 and Fig.4 shows the actual global trend in the
usage of available resources, reported on an open-source database. The imagines clearly show the
dominance of the fossil fuels utilization on renewables. However, in the last years an increase in the
utilization of the low carbon sources (which is the sum of nuclear and all the renewables) has been
recorded. Nevertheless, further efforts are still necessary to fully implement processes based on
renewables, due to their novelty respect to the proven knowledge on the mature technologies employed in
the processing of fossil fuels.
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Figure 3: Global energy and electricity breakdown of the employed resources. 19
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Figure 4 Global direct primary energy consumption: contribution of renewable and fossil resources.0

Renewables cannot represent alone an immediate solution in the supply of energy, and a diversification of
the resources employed is necessary to find a trade-off between environmental requirements and the
needs of humankind.



In this prospective, there are several possible strategies to mitigate the negative effect related to the
utilization of fossil fuels, and between them one accepted compromise is offered by the switch from coal to
natural gas, which is largely available, cleanest, and it offers comparable performance to coal. Therefore, it
can be a bridge in the transition toward a sustainable economy.!

Natural gas reserves are derived from reservoirs that contain water, carbon dioxide, crude oils, and other
substances.

The principal component is methane that has the highest heat of combustion per CO; emitted, compared to
other hydrocarbons.!?

It also has a higher hydrogen to carbon ratio thus bringing a greater yield of higher hydrocarbons and high
processes efficiency. Together with these advantages, natural gas is recognized to be a less impacting
source for air pollution with respect to bioenergy and the common fuels (Fig. 5).
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Figure 5: Share of natural gas in total energy-related emissions of air pollutants and CO; (one year reference).’3

As evident from the contaminants breakdown, natural gas is the earth’s cleanest burning hydrocarbon:
from its combustions is produced 10% of nitrogen oxide (NOy), virtually no SO, emissions and negligible
levels of particulate matter (PM) being comparable the amount of energy produced from oil, coal and
natural gas as previously reported with Fig. 3.

The US Energy Administration frequently reports on its distribution and gives information on which
reserves are recoverable based on current technology and prices.

Fig. 6 shows the distribution of natural gas reserves in the world in both convention and unconventional
form, (coal bed methane (CBM), tight and shale gas).
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Figure 6: World natural gas resources by major region.'*

Conventional recoverable resources are estimated to be equivalent to more than 120 years of current

global consumption, while total recoverable resources could sustain today's production for over 250
years.!

For all these reasons, in this work has been chosen to study methane as feedstock rather than renewables
resources.




1.1 Energy and syngas: role on the market

As emerged from an analysis carried out by Global Industry Analysts, two-thirds of the global syngas are
consumed by Asia-Pacific, Middle East, and African countries with the Asia Pacific accounting for more than
48% of the market share of syngas and its derivatives market in 2020 (Fig. 7)

In this latter year, globally, syngas and its related market recorded volumes of 180,000 MWth, and it has
been estimated to expand at a compounded average growth rate (CAGR) of 9.1% from 2021 to 2031
approaching volumes of production around 469,000 MWth. *®
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Figure 7: Market trend of syngas.’®

One clear advantage to investing in this market is the versatility associated with the syngas downstream
processing; chemicals, power generation, liquid fuels, and gaseous fuels are the major end-use industries
where syngas is used.

Their use ranges from the obtainment of energy to pharmaceutical and cosmetics, with applications also in
the food chain and in the polymer industry (Fig. 8).

The possible application is strictly related to the H,/CO ratio; synthesis gas at high hydrogen content and
molar ratio over 50 are more often involved in the energy generation, while if the syngas is further purified
to hydrogen, this latter found different uses in the energy field, among which common example are
ammonia synthesis, fertilizers production and pre-treatment of raw compounds for refinery (hydrotreating
and hydrocracking).

Mixtures at low ratio Hy/CO ratio, instead, are generally utilized for methanol and dimethyl ether (DME)
production, which are important industrial feedstocks employed as transportation fuels.

A syngas ratio close to two results particularly suitable for the Fisher-Tropsch synthesis to achieve liquid
hydrocarbons at high molecular weight.



Figure 8: Syngas derivatives with reference to their composition (*H,/CO molar ratio).16

Hydrogen and syngas market are strictly interconnected, and so are the processes applied for their
production, indeed in most cases the syngas is an intermediate. Specifically, around 96% of hydrogen is
currently generated together with the syngas from fossil fuels, 49% of which from natural gas, 29% from
liquid hydrocarbons, and ca. 18% from coal, with just a minor share obtained from water electrolysis (4%),
due to economical constrains 7.

These numbers suggest that a huge amount of energy is consumed, and they highlight the urgent need to
deeply investigate in detail syngas production routes to identify successful strategies to contain the
emissions without compromising the market and the economic growth.



1.1.1 Production from renewable resources

At the present time, renewable resources cannot cover chemical and energy needs, so they were not
investigated in this thesis work. Nevertheless, for completeness of the discussion, the main processes and
limitations associated with the use of renewables are presented.

Resources, which could be classified as renewables, are the ones able to naturally replenish themselves and
to provide energy and chemicals without intervening negatively on the carbon cycle. Known examples of
them are wind, hydro and solar energy, and biomass. This latter is easily available and reliable, with respect
to most of the renewable resources, since it can be stored, transported, and utilized in different locations.
However, it has low power density: 0.5 W/m? of biomass crops, respect to the wind power (2 W/m?) and
photovoltaic power (10 W/m?) &,

The processing of biomass could occur through both thermochemical conversion and anaerobic digestion,
widening the range of routes and technologies available for the obtainment of bioenergy and chemicals.

The thermal conversion of biomass through pyrolysis and gasification is a mature technology, as witnessed
by the presence of several commercial plants based on their utilization. A recent report drawn up by the
International Energy Agency (IEA, 2016) states that most of them is dedicated to the production of liquid
fuels (mainly Fischer-Tropsch liquids, methanol, and ethanol), while just a small percentage of the facilities
plan to direct the production towards gaseous synthetic natural gas for applications involving its injection in
the natural gas grid.

Despite the integration in the chain is viable, the feasibility of this path depends on the ability to further
upgrade the synthetic natural gas to fit the quality requirements imposed by the legislation.

Indeed, it is difficult with a process of this type to achieve pure synthetic natural gas (SNG), and impurities
and co-products are typically present, instead; Among them H; represents a greater problem, since it
increases the risk of embrittlement of the piping lines and of leakages, and it also negatively affects the
transport capacity due to its lower heating value (approximately 13 MJ/nm?3 vs 40 MJ/nm?3 of natural gas).
Indeed, only a content of hydrogen by volume between 5% and 15% is accepted for injection in the United
States while a content not exceeding 12% it is allowed in Europe. ®

Alternatively, to thermochemical treatment, biomass (agricultural wastes, livestock production, landfills)
can be transformed into biogas through anaerobic digestion done by microorganisms able to live and
reproduce in oxygen free environment (bacteria and methanogens).

The digestion process involves several stages, which end in the obtainment of a mixture of methane,
carbon dioxide, number of trace gases, and a digestate, which represents a natural soil conditioner and
fertilizer that even the latest regulations equate with the traditional use of chemical fertilizers.

The technology used for the biogas upgrading affects the purity of methane obtained, therefore different
technologies will be preferred depending on the application.

Water scrubbing and physisorption separation bring high methane loss (3-5%) in fact, even if the solubility
of methane and carbon dioxide in water is quite different, some methane dissolves and it is lost. This
limitation is partially solved through the utilization of chemical sorbent, since they can react selectively with
CO,, however the stronger interaction solvent-molecule implies the utilization of heat at higher
temperature for the regeneration of the solvent, and this increases the costs.



Chemical absorption technology also has high maintenance costs, especially for larger plants, although it
has high energy efficiency, and it allows to obtain methane at high concentration. Cryogenic separation
allows for high methane purity, but it has high costs, due to low efficiency.

In almost all the upgrading procedures, it is necessary to remove H,S. In case of using water scrubbing ,e.g.,
H.S dissolves in water which, in turn, becomes corrosive to pipes, while in pressure swing adsorption PSA
unit’s, its adsorbs irreversibly onto the solid.!®

When the requirement on CH, purity is high, chemical absorption and PSA are appropriate choices.

For applications in combined heat and power generation (CHP), there is no specification on the
concentration of methane and thus on the level of biogas upgrading. However, the reduced calorific value
of biogas is the main limitation to fully implement it for power and electricity generation from gas turbines.

On the other hand, CHP systems have been in operation for a longer time than the majority of biomethane
production plants and they are therefore likely to have reached full depreciation, therefore retrofitting CHP
plants can be cheaper than the retrofit of biomethane plants.*®

The Upgrading process simultaneously generates a CO-enriched stream that can be used in enhanced oil
recovery (EOR) to reduce emissions. To serve EOR CO; must come from upgrading processes that ensure
high levels of purity to allow for a good miscibility with oil and to reduce costs of transportation to recovery
wells.

EOR accounts for approximately 50 million tons of CO; utilization annually, of which around 40 million tons
are supplied from natural CO, reservoirs at a price generally in the order of 15-19 USS.

The CO, stream can also be used as a nutrient for the growth of biomass for other biogas production or
exploited to decrease pH in the aluminum extraction process (with minimum CO, concentration of 85%).*®

The interest in biogas is still growing, and it is already widely commercialized; Italy, alone, counts for 2000
plants spread throughout the country with an annual national production, estimated by the Italian
consortium for biogas (CIB), of 2.5 billion cubic meters and a prospective to reach 4 billion by 2026. %



1.1.2  Syngas production from renewables

From this section on, an in-depth analysis of syngas production will be addressed, due to its strategic role.

Among the renewable alternatives, one of the most travelled roads, is the gasification of biomass which
allows to achieve syngas of different quality and composition depending on the operating modes. The main
problems encountered during the use and testing of such plants are due to reactor clogging from high tars
production and subsequent system shutdown.

Biomass syngas is a combustible gas that can be used to produce electrical energy in turbines and fuel cells.
However, it needs several stages of cleaning to be competitive with the common fuels since bio-syngas
contains alcohols, ammonia, olefins, natural gas, and many other aromatic compounds. Also, similar to the
coal derived syngas, bio-syngas generally contains contaminants among which hydrogen sulfide is the main
component, which, despite being present in lesser extent (commonly 0.01 wt.% in biomass against 0.1e5
wt.% of coal), is a hazardous substance that generates acid rain and corrosion. %

The final composition determines the heating value contained by the syngas, that is different as shown in
table 1, for the different feedstocks: oil refining by-product (pet coke), coal, biomass, and municipal solid
waste (MSW).

Feedstock Hi co CH4 CO, HHV

(% mol) (% mol) (% mol) (% mol) (MJ/m3)
Coal 25-30 30-60 0-5 5-15 7-15
Petcoke 22-30 39-48 0-1 18-34 8-11
Biomass 5-16 10-22 1-6 8-20 4-7
MSW 8-23 22-24 0-3 6-15 3-7

Table 1: Syngas composition obtained by gasification of different raw materials.??

Due to these reasons, an easy way to exploit bio-syngas is as second fuel in co-firing applications, where it
could be used for energy production without any need to retrofit the existing equipment. However, even in
this case it is necessary to limit the number of ashes, often present in the biomass, to avoid damage of
some components of the burner.

For the case in which the synthesis gas, out of the indirect gasifier, still presents higher amount of methane
(10% vol), the production of bio-methane could be the final application since some methane is already
present in the mixture to be converted.

Therefore, the efficiency achievable for the methanation process is higher than if the syngas mixture
contained only CO, H,, CO,, for the same amount of stream to be processed.

Despite the processing of biomass is the most investigated production alternative to fossil resources,
several studies also focus on the electrochemical routes. Indeed, if driven by renewable energy, the
electrochemical reduction of CO2 can also be attractive to produce syngas.

This approach is based on the co-electrolysis of H,O/ CO, towards H,/CO to produce syngas or eventually
hydrogen. However, there are several limitations which obstacles the commercial implementation of the
process, such as the dominance of noble metals-based catalysts and the lack of data on the long-term
performance achievable with the employment of the most promising catalysts.
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1.1.3 Syngas production through conventional routes

Traditionally, synthesis gas comes from natural gas, residual oils, petroleum, and coal (carbon containing
fuels).

The most studied technologies for its production are partial oxidation, dry and steam reforming, and mixed
processes where both water and CO; can be co-fed as oxidant agents.

Among all, steam methane reforming (SMR) is the only process widely commercialized, indeed from its
utilization comes the greater share of the world’s hydrogen and syngas production.

The overall process involves different stages (Fig. 9). The first step is the natural gas pre-treatment to
convert the organic sulfur into H,S, which is later absorbed. The cleaned gas is sent to the main reformer,
heated by direct or indirect combustion of an external fuel. This stage is responsible for a greater part of
CO, emissions; it is enough to say that in the whole process about 9 to 12 tons of CO; are released per ton
of hydrogen produced. %23
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=== \ il e o o L e L o T -

Natural , § | {HTS (473K-673K) LTS (400K-450K)1, I

e 1 ——— 1 : . 1 |
gas 1 i 1 H, product
] A | 3

I 1 1 1

1 e il " 1 o

1 " 1 S Heat Heat :I :

:HDSI’ZHO: 1ooteam oy changer exchanger I 1

i - 1 reformer . [

Steam Recycled gas

Figure 9: Stages of production of hydrogen and syngas for the traditional steam methane reforming.*

In the reformer, methane conversion is required to operate at a high-temperature range of 650-1000 °C
and a pressure range of 5-40 bar. These conditions are necessary to have considerable methane
conversions (> 90%) since the main reaction is highly endothermic (R1).

CH4 + H20 2 CO + 3H; AH°= 4206 KJ/mol (R1)

At the reformer outlet, the gases are mainly constituted of syngas, that could be enriched in hydrogen
when sent to the water gas shift units and separated by pressure swing adsorption (PSA) for purification.

The SRM is catalyzed process, and typically supported nickel is used as catalyst, due to its low cost and high
activity. However, the use of nickel favors the carbon formation and makes it necessary to significantly
increase the steam to carbon ratio at the inlet; typically, S/C molar ratios of 2.5-3 are employed to avoid an
excessive deposition of carbon. Therefore, to generate high-pressure steam, considerable amount of heat is
consumed, thus decreasing the overall efficiency of the process.

Several alternatives to this process are studied to limit the emissions and decrease the energetic demand.

One of them is the methane dry reforming (DMR) which is based on the reaction with carbon dioxide to
give syngas in equal ratio (R2).
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Methane dry reforming is often accompanied by secondary reactions from which the most common is the
reverse water gas shift (R3), responsible for a decrease in the syngas final ratio, inadequate for most of the
uses.

CH4 + COz = 2C0 + 2H> AH°= +247.3 K]/mol (R2)
CO2+ Hz= CO + H:0 AH°= +41 K] /mol (R3)

The efficiency of reforming and the overall productivity are in all the cases limited by carbon deposition,
which is thermodynamically favored both at high and low temperatures according to reaction 4:

2C0 = C+ CO; AH°=-172K]/mol  (R4)

The presence of carbon is unavoidable, and it has been found to be more present among 560 to 700 °C.%

Not surprisingly, the extent of these reactions is, in the general case, more pronounced when the feedstock
employed contains more C atoms, making the coke deposition an unsolved problem that especially affects
the implementation of dry reforming, but also obstacles the utilization of high hydrocarbons like ethane,
butane, and pentane. The latter are presents together with methane in several extraction sites like the
shale gas reserves.

Carbon formation can be disfavored by changing the feed ratio, e.g., by introducing larger amounts of CO,,
the equilibrium is shifted according to Le Chatelier’ s principle to the left of the disproportionation reaction
of CO.

However, the reverse reaction is another endothermic reaction, and it is necessary to introduce an
alternative way that allows a thermal recovery to place dry reforming in economically viable processes.

Catalytic and non-catalytic partial oxidation is an exothermic process, and it has the advantage of not
needing any heat provided. On the other hand, heat recovery at high temperature is not very efficient and
the gas temperatures reached (1200-1400°C) are difficult to be kept homogeneous thus decreasing the
security of the process.

Catalytic studies have been carried out to reduce the operative temperature. However, non-catalytic
processes have several advantages. Indeed, they allow to deal with raw feedstock, even containing sulfur,
that would poison most of the catalyst, decreasing the costs generally required for the gas cleaning and
increasing the possibility of utilizing materials not acceptable in the strictest operative condition of SMR
and DMR.

Partial oxidation allows to obtain the exact ratio of H, to CO with high selectivity at low contact time
enabling the utilization of smaller reactors. However, the high capital and operating costs of air separation
units (ASU) reduce its competitiveness.

Autothermal reforming is a self-sustaining process where methane, oxygen and water are fed in ratio
suitable to utilize the energy released by the oxidation to run the steam reforming. It stands as a process
that allows us to overcome the limitations of expensive heat supply and recovery, but it still requires high
costs for the air separation unit for its functioning.

12



1.1.4 Looping configuration

In recent years, a lot of attention has been given to the study of transport properties of solid compounds,
to the chemical looping technologies and their mutual integration, to overcome the limitation of the
traditional processes.

The looping concept is based on a two-step mechanism that exploits the redox properties of a transporter
material, often oxygen carrier, to ensure a controlled release of the oxygen species and to guarantee high
level of selectivity through the tuning of the reduction degree.

In this application the transport of oxygen from air is indirect; indeed, the carrier allows the oxygen storage
bringing to the inherent separation of nitrogen and oxygen, without the need of expensive air separation
units.

The source of oxygen could be flexible, making it possible to exploit water and carbon dioxide splitting to
provide oxygen and paving the path to hydrogen and syngas production at reduced emission.

Among a variety of options, thermochemical water splitting (TCWS) offers hydrogen at high purity and high
conversion. When practiced in association with the utilization of a fuel, the temperature and energy
demand considerably decrease, due to the enhanced reactivity of the oxygen carrier in presence of a
reductant agent.

The fast kinetic achievable with an appropriate choice of carrier allows to increase the productivity and to
reduce the overall costs achieving the co-production of hydrogen and syngas. Also, it permits to replace
high-quality heat supply with isothermal redox operation improving the system efficiency?®.

To go in further details, Fig. 10 shows the configurations that can be assumed by the conventional
processes when run in looping. The looping offers many combinations and, among all of them, the ones
reported in the figure below are some of the most investigated. For example, chemical looping dry
reforming (CLDR) could be performed utilizing the first stage for methane cracking or as alternative for
selective partial oxidation; if the cracking route is adopted, the material acts as carbon carrier and distinct
streams for H, and CO are produced.

{A) Partial oxidation (B) Steam reforming (C) Dry reforming
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The main advantage of preferring the configuration where only methane thermolysis occurs finds
explanation on the possibility to achieve pure streams.

Indeed, the result of CLDR run with carbon carrier is hydrogen and carbon monoxide, the two components
being produced in separates reactors, where the overall product can have the same characteristics of a
syngas achieved by conventional DRM except for the fact that in this case the two streams achievable are
both pure.

CO could be used for carbonylation reactions to produce chemicals, it could be sent in the water gas shift
unit to increase the hydrogen production, as the downstream processes are the same employed in
conventional reforming process, or it could be mixed in flexible ratio with the hydrogen to be employed in a
wide range of applications.

In the case, instead, in which an oxygen carrier is employed, on contact with methane, oxygen is released
to give a mixture of syngas, while carbon dioxide is used for carrier regeneration to provide the oxygen
back and additional CO.

The main limitation of steam and dry reforming remains the substantial energetic demand to guarantee the
reaction temperature. However, there are several strategies applicable to reduce the overall demand that
are function of how the heat is supplied.

In the conventional approach the reactor is located inside a furnace where additional fuel is burnt,
generally methane. As alternative, in process like di CLDR, CO could be used as fuel but, in this case, more
gas needs to be processed due to its lower heating value (CO 280 kJ/ mol vs CH4 891 kJ/mol) and less CO
remains available for syngas and hydrogen production.?”

As an alternative to external combustion, other routes are investigated for the looping configurations, like
to directly exploit the combustion of the carbon deposited inside the main reactor with pure oxygen or air.
The utilization of oxygen brings to the production of pure CO; that can be usefully employed in reaction,
but it involves the utilization of air separation unit, which is energetic less promising, while the oxidation
with air is less effective, and it causes the dilution with nitrogen of the off gases, which cannot be recycled
into the reactor, but can alternatively be fed to an expander for energy recovery.

In general, looping technologies offer a new path for process integration and optimization and add
flexibility to the process industry. Selection of the best option, among all routes described, is not univocal
and it strictly depends on the market demand.

During this thesis work, it was decided to investigate methane reforming to syngas in a looping technology
because of the great flexibility it offers in varying the output ratio of the desired products.

Indeed, the products that can be obtained from syngas change significantly depending on the starting
syngas ratio, and so it becomes critical to be able to act on this parameter as needed.
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1.2 CO; emission mitigation strategies

The processes described so far, despite being of great importance, are often accompanied by CO, emissions
that must be managed to safeguard the environment.

Two of the main institutions responsible for the CO; level monitoring, namely, International Energy Agency
(IEA) and the Carbon Sequestration Leadership Forum (CSLF), have stated that, for the energy sector, in
order to achieve net zero emissions by 2050, the global scale of CCS must be increased by 10-15 times in
2030 and by 100 times in 2050, with respect to 2020, when 40 Mt/year were sequestered.?®

Currently, the geological sequestration of carbon dioxide is economically viable only if CO, is used for
enhanced oil recovery (EOR), an extraction process that allows to store carbon dioxide exploiting its
solubility properties and recovering additional crude oil.

The geological sites for CO; storage are generally oil and gas reservoirs, already connected with the existing
infrastructure, or deep saline aquifers found in sedimentary basins.

Large-scale CO, storage requires strict conditions, among which critical steps are the assessment of the
underground capacity and the safety for long-term storage. Indeed, leakages would affect the groundwater
potability causing the return of CO; in the atmosphere. In this respect, storage in the open sea can reduce
the risk for human health, but a release of gas would result in water acidification with possible damage for
the animals.

However, the procedures for secure storage are well established and to keep practicing CCS is stated as one
of the mandatory lines to be adopted to reach the environmental goal declared by the Paris agreement.
Nevertheless, CCS as unique measure is not sufficient, and it is required to increase the valorization of
carbon dioxide into useful chemical through the deeper implementation of CCU, indeed only 0.2 Gt. of CO,,
over the 32 Gt produced by humans’ activities, are used annually by industrial activities.?®

In several applications, carbon dioxide must respect purity standard to be used as feedstock. A purity index
is provided by the sulfur oxide to carbon dioxide ratio since the separation of sulfur compounds is normally
necessary before CO; can be used.

This ratio is 100 times lower if the carbon dioxide is captured from the air or from the biogas upgrading,
which provided CO, with limited amounts of sulfur compounds, even though for the case of biogas the
purity is difficult to predict due the wide difference in the origin of the starting biomass.

Together with the purity standard, other parameters that need to be considered are the cost of conversion
and transportation, which participate to further emissions, and force to carefully evaluated the effective
convenience of CO; utilization. Indeed, in most cases, severe operative conditions are needed, such as high
temperature and pressure, to run the process and to produce the co-reagents.

A typical example of this is the large utilization of water for hydrogen production, the main reagent
involved in the carbon dioxide conversion processes. In this contest, the utilization of renewable energy
would make these processes more viable, and this is the scenario where the bioenergy with carbon capture
and utilization (BECCU) is being developed.

This application has the great advantage of being able to use the same technologies and supply chain
already developed for fossil fuels. On the other hand, its full implementation finds several obstacles among
which one the mains are land degradation, threat to biodiversity, and food competition.3%3!

The production on a wide scale raises concerns about intensive farming with large use of fertilizers and the
risk of water unavailability.
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Carbon dioxide coming directly from air (DAC) avoids any competition with the food industry and allows
flexibility on the location avoiding the costs for transportation, however the development of the technology
still requires time due to the high energetic costs resulting from the capture at low concentrations.

The highest energetic consumption is related to i) the electricity that must be provided by the fan that
forces air through the capture modules and ii) the use of heat and/or electricity to operate in high vacuum,
depending on the regeneration method chosen for the adsorbent material.

Due to this, decreasing energy consumption, has been one of the main aspects considered during the part
of the thesis carried out abroad, where the performance of different contactors has been evaluated in
terms of the specific energy demand of the fan as a function of CO; capture rate.
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1.2.1 Storage and utilization: Capture from source point

Capture at large point sources refers to a process which develops carbon dioxide streams at high
concentrations, like the flue gases of industrial sources (e.g., power plants, cement, or steel factories). The
field is dominated by oxy and pre-/post-combustion technologies.

Pre- and post-combustion capture processes employ amines and ammonia liquid solvent for CO,
absorption and differ in the concentrations of CO, treated; pre-combustion deals with more concentrated
stream, often coming from integrated gasification combined cycle (IGCC). The process has higher efficiency
respect to post-combustion, where the CO,is more diluted, however IGCC plants are not so many, and the
adsorption costs are substantial.?

Post-combustion is the most employed solution for carbon capture. The world’s first post-combustion CO,
capture facility is in Canada, and it has captured and sequestered more than 4.5 million tones since
operations began in fall 2014. The technology exploits a liquid solvent based on amine, which requires high
costs for regeneration, that often are the greatest expense in capture process. %

The oxy fuel processing uses pure oxygen in combustion, to obtain a pure CO; stream. The absence of
nitrogen improves the separation of the CO; in the flue gases, and it avoids the formation of NOy
compounds. Before to be compressed and transported, particulate matter is removed from the CO,
purified stream through electrostatic separation, while sulfur dioxide is removed through desulfurization.®

The next stages of CCS involve compressing and transforming CO; into a fluid so that it can be transported
by pipelines, ships or other vehicles to a storage site or being utilized and therefore stored.

As already mentioned, one of the main applications for CO;is in the enhanced oil recovery. EOR has been
carried out in the United States and Canada since the 1960s. The US always dominated this application,
indeed the world’s first large-scale process with the utilization of CO, for EOR has been conducted in Texas
using CO; from natural fields of Colorado. Throughout the duration of the project (1972-2009) more than
175Mt of CO; have been injected.

However, natural CO; source fields (reservoirs of carbon which can be drilled out of ground) are not sources
which can participate per se in decreasing the emissions, but they have introduced the concept of utilize
waste CO; to enhance the oil extraction.

CO, EOR forces more of 8-20% than the original oil out of the well, and it extends the lifeline of an oil well
for an additional 20-25 years or more, allowing a longer utilization of fossil fuels which, despite to be the
major cause of the global warming, also ensure the security and stability of the energy system. 3

Similarly, to the EOR, calcium looping also stands as an intermediate technology between use and storage.
Indeed, it could be placed downstream of high-emission processes for post-combustion capture (Fig. 11) or
integrated in the production of hydrogen enhancing its production in pre-combustion application.
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Figure 11: Calcium looping integration in CO; capture.?®

In a typical cycle, fresh calcium oxide, also known as limestone, is made to react by carbonation reaction
and it is after sent to a second unit to regenerate the adsorbent.

The process could be run for several cycles obtaining carbon dioxide separation with a high level of purity,
while the spent carrier could instead be utilized by the cement industry increasing the amount of CO; that
can be handled by this technology, potentially decarbonizing both industries.®

Technology development and process integration can reduce process costs. Another example of this is the
development of chemical looping combustion (CLC), where it is possible to achieve an inherent separation
of the carbon dioxide, producing energy while reducing the CO, capture costs.

Indeed, CLC cooperates for CO; valorization since it exploits the same principle of the oxy fuel combustion,
but utilizing oxygen provided by solid carrier, instead of air separation unit, producing a high purity CO,
stream suitable, e.g., for extraction of aromas and production of carbonated beverages etc.
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1.2.2 Storage and utilization: Capture from the atmosphere

In recent years many fundings has been directed to the companies to address the climate crisis, and due to
this, always more enterprises are starting to find solutions to adjust their activities in a way to protect the
environment.

The paths that pass through renewable resources are also more publicly accepted. However, from the
perspective of land use, CCS is an underground-space utilization technology, and coal-fired power plants
plus CCS require a much smaller land area than solar and wind power plants. 2

Clean sources are more challenging to implement, due to lower levels of technological maturity and
economic viability.

Vegetable biomass is one of the most employed renewable resources, since it is directly synthetized from
the natural process of photosynthesis, where the CO; present in the atmosphere is absorbed and converted
into nutrients, while O, and water are released back to the environment as non-polluting gases.

The origin and typology of biomass could be very diverse and so the elemental composition which defines
the properties of the obtained products.

The most employed biomass for energy purposes belongs to the second-generation category, to avoid the
competition with the food industry, however the production of first-generation fuels is also practiced, most
notably in Brazil and in United States, to obtain bioethanol, employed in internal combustion engine (Fig.
12).
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Figure 12: Biomass valorization for green production of fuels and high value chemical compounds. 2°
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Ethanol fermentation brings to the production of pure and cheap carbon dioxide (6—125/t CO,), which can
be further utilized to obtain succinic acid. %

The most interesting aspect of this cycle relies on the fact that CO; is sequestered from the atmosphere,
and it is incorporated into a useful production.
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This process is part of a broader category, known as bioenergy with carbon capture and utilization (BECCU),
and, along with other capture technologies could play an essential role in the mitigation of CO, emissions.
Indeed, in this case not only the process does not produce new emissions, but it also consumes the CO,
already present in the atmosphere.

The same principle has led to the development of materials suitable to capture CO, from air to increase the
benefits that can be achieved thanks to the synergy of more techniques and to overcome the general
limitations associated with the extensive use of biomass.

Direct air Capture (DAC) allows to address diffuse sources, like the ones coming from aviation and
agriculture sectors, from which 25% of total greenhouse gases emissions derive.3®

DAC also presents challenges; indeed, it requires more energy than capturing CO, from flue gases and the
processing of considerable volumes of air. Additionally, the poor concentration of CO; in air makes direct
air capture a challenging and highly expensive approach. 338

It is enough to say that in a process with 100% recovery, approximately 1400 m? of air at normal conditions
need to be processed in order to capture 1 Kg of CO,.3¢

The large volumes that need to be treated impose to work with significant flow rates to achieve appreciable
productivity, also because the low concentration of the solute causes slow kinetics of the adsorption
process.

Regardless of these limitations several companies (Carbon Engineering (Canada), Climeworks (Switzerland)
and Global Thermostat (USA)) already operate with DAC plants looking for improvements of their
technologies, particularly aimed at reducing costs.

Typically, the adsorption process is run in packed bed column, but the strict requirements imposed by the
direct air capture applications, have led to study the process even in presence of other structures, such as

honeycomb monolith, foam and laminates. 3%

Indeed, the configuration of the gas solid interface plays a significant role in the determination of relevant
process parameters such as the flow regime that is being established and the pressure drop along the
column.

Therefore, the understanding of the optimal design and operation achievable with different contactors is
crucial to be able to place DAC between the affordable and effective technologies in the reduction of CO;
emissions.

Several possibilities are available for the end use of this CO,. For example, It could be reduced by renewable
hydrogen via the Sabatier-reaction to synthetic natural gas for use in power to gas applications (PtG)***4,
even though this field required further development to overcome the low efficiency achievable when
coupling electrolysis and methanation (< 40%). 17 Alternatively, it could be sent to greenhouses to faster

growth of plants, algae, or others biomass. 454
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1.3 Materials for methane reforming

Reforming reactions can be performed through thermochemical process, where the chemical reaction
occurs when a determined temperature is reached or be catalyzed by species that increase the reaction
rate, promoting more efficient reaction mechanisms, that can also bring to operate at mild conditions.

These two approaches can also be combined. This is the case with most of the looping processes, where
carrier compounds interconvert between different redox stages depending on the temperature and on the
nature of the reactants fed.

Reforming processes are employed on a large scale, and they have been studied for decades in the
prospect of improving the global efficiency of the process and the material lifetime.

The literature available on the materials investigated is extensive.

Noble metal catalysts (Rh, Ru, Pd, Pt, and Ir) show high catalytic activity and stability for dry reforming, with
scarce carbon deposition, but they cannot find application on large scale, due to their high price.

On the contrary, transition metals such as Ni, Co, Cu, Mn, and Fe based catalysts, are highly promising, due
to their abundance, low cost, and good thermodynamic properties for reforming processes. 4~

Solid transition metal (Ni, Co, Fe, Cu)-based catalysts interact with hydrocarbons, breaking the C-H bond
and favoring the thermolysis reaction at lower temperature, thus increasing the possibility of carbon
deposition.

The management of this carbon, despite not being trivial, could also be in part beneficial, since it allows us
to produce part of the hydrogen from a less energetic demanding reaction than steam or dry reforming (R
1,2). These materials can also be suitable for the direct production of hydrogen if mixed in alloy and applied
molten %,

Nickel supported over alumina catalysts is the most popular choice for syngas produced from methane dry
and steam reforming (DMR-SMR). Despite their toxicity, Ni based materials are the focus of multiple studies
because of their high catalytic activity toward methane and other light hydrocarbons.

However, while allowing a conversion of methane almost complete, Ni-based oxygen carriers are
susceptible to deactivation by sulfur poisoning and elemental carbon deposition. In addition, disposal of the
spent catalysts represents a problem, because of their toxicity.

Cu-based oxygen carriers show suitable redox behavior to ensure a good oxygen transfer capacity along
with good reactivity for the reforming reaction. They are also capable of directly releasing oxygen by
thermal decomposition at medium-high temperatures (800- 1000 °C). Also playing in favor of these systems
is their low price and limited toxicity, but they can give rise to sintering and melting even at temperatures
below 800°C *°, and be subjected to friction due to limited mechanical strength.

These limitations are partially overcome employing support like on y-Al,03, MgO, SiO,, CeO,, and ZrO,, or
promoters such as alkaline and alkaline earth metals, as well as rare earth metals, which remarkably
improve catalytic performance and reduce coke formation, especially in dry reforming processes.>%>2

Features required by an oxygen carrier (OC) are excellent fluid dynamic properties, such as resistance to
friction and mobility within the reactor, low cost, resistance to C formation and other fouling elements
(sulfur, ash, etc.) and chemical and thermal stability following multiple redox cycles. 3
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Therefore, it is also important to identify the best physical characteristics, such as particle size and shape,
material structure, and pore size, as they concur in the determination of process kinetic, thermal stability,
and reversibility of the carrier i.e., lifetime without undergoing deactivation.

Since the use of suitable materials determines the sustainability, cost-effectiveness and durability of the

process, further investigations are needed to design a material that can replace those currently used at the
industrial level.
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1.3.1 Ceria-based oxygen carriers

This sub-chapter will go into the details of Ce-based oxygen carrier properties, since they are among one of
the main materials considered in the current state of the art for methane looping.

Cerium oxide offers high melting point (> 1960K) and does not give rise to carbide formation. In addition, it
offers faster kinetics of water splitting with its transition state Ce(lll) oxide, which is normally reached after
reaction with methane, positioning it as a viable material for the synthesis of both syngas and hydrogen. >*

The oxidizing properties of ceria can be attributed mainly to two electron exchange zones: the surface zone
of the material and the innermost (bulk) zone. It has been observed that oxygen exchange on the oxide
surface exhibits an activation energy 30% lower than that in the bulk, thus suggesting an easier redox
exchange on the surface in the initial stages. *°

Ce- based carrier are often studied in association with other oxides, where ceria can be the support, it can
be supported or be bind in a mixed phase, like the case of mixed oxide and perovskite-type oxides.*®

Support CeO; on high temperature-stable ZrO, allows a good dispersion of the ceria particles improving its
resistance to sintering during repeated cyclic operations®’, while the incorporation of ZrO, into CeO; lattice
occurs when they are combined as mixed oxide, on one hand enhancing the formation rates of H; and CO,
on the other hand undermining the syngas selectivity. 8

Other strategies to improve cerium oxide performance rely on the introduction of different porosities
through forming procedures followed by thermal treatments. Indeed, pressing the cerium oxide powder at
different pressure values introduces porosities of different shape and dimensions, changing the kinetics and
selectivity, while the further treatment enhances thermal resistance. *°

However, a pre-treatment at high sintering temperature (1400 °C) can decrease the solid-gas interface area
and lattice oxygen mobility, thus negatively affecting the syngas yield and methane conversion.®

The loss of surface area and the decrease in porosity must be considered when choosing the heat
treatment. Indeed, in the absence of adequate porosity, it may not be possible to have proper oxygen
mobility, going to worsen the re-oxidation of carbon deposited.

The utilization of ceria for methane chemical looping has been deeply studied and relevant information is
available in literature, examples of which includes the effect of temperature on carrier reduction and
regeneration and the relationship between reactants flow rate, conversion achievable and syngas
selectivity.

Ceria reduction has been found to be strongly dependent on temperature or methane flow rate.

Particularly, an increase of temperature from 900 to 1000 °C increases the conversion of methane but
working at 1100 °C leads to methane cracking, indicating that 1000 °C is near the upper limit on operating
temperature for the cycle.®*

A too high flow rate makes methane cracking prevails on the partial oxidation, while limiting the flow rate
can favor the oxidation reaction and enhance methane conversion but at the expense of syngas selectivity.
Therefore, a trade-off in methane flowrate needs to be considered to achieve high syngas yield while

preserving maximal methane conversion.®%6!

On the other hand, fast and full regeneration are guaranteed with CeO, (between 900 °C and 1050°C),
which means the carrier re-oxidation is not kinetically limited by temperature changes and isothermal

23



operation can be carried which avoids sensible heat losses occurring during temperature-swing cycle and
eliminates the need for heat recovery.

Due to the various advantages listed above, ceria is still under investigation in the most recent works, with
the prospective to overcome the limitations that obstacles its commercialization as carrier for chemical-
looping methane reforming.
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1.3.2 Ongoing challenges in the use of CeO;

Carbon deposition, oxygen carrier lifetime and process’s energy penalty are some of the main limitations
for the full implementation of methane chemical looping.

Carbon formation is often responsible of decreasing catalyst/ oxygen carrier lifetime due to the occlusion of
the porosity and/or to the formation of phases that disfavor reactivity toward methane, therefore, its
removal is investigated by all the studies that aim to scale the process at an industrial level.

One widely used strategy to deal with carbon formation is optimizing the cut-off time of the reforming step,
to limit methane cracking, and to employ an oxidant to re-oxidize the residue carbon during carrier
regeneration.

For the case of cerium dioxide, this approach was found to be effective for samples of different morphology
(foam, pellets, fibers) and rapid overall cycle (reforming-regeneration) were achieved thanks to the fast
kinetics provided by Ce-based materials.®?

However, pure cerium oxide required operating temperatures between 900-1100 °C to react with methane,
which in turn implies a high energy demand, typically met by combustion of additional natural gas, and
even if there are already works®® which proved the feasibility of employing concentrated solar heat, as
alternative and renewable energetic resource, the solar to fuel efficiency reached to now is still low.

The energy to fuel efficiency is one of the most relevant indices for the evaluation of the efficacy of solar
energy utilization and it is defined as the ratio of the higher heating value of the syngas produced over the
sum of the solar radiative power input through the solar reactor's aperture and the higher heating value of
CH. fed to the solar reactor.

The highest efficiency (solar-to-fuel) observed to-date for chemical looping reforming methane (CLRM) it
was found to be 10.06%. and it was recorded by Warren et al. at 1150 °C and feeding CH, at 25%.

The study employed commercial cerium oxide on large scale (300-350 g), calcined at 1200°C for 10h,
ground and sieved till particles of dimensions < 500 um. The methane conversion and syngas selectivity
achieved in these conditions were found to be equal to 69% and to 93%, respectively.

Also, Chuayboon et al tested pure ceria employing solar energy and even if they reached a lower solar to
fuel efficiency (5.22%), they confirmed the success of employing pure ceria as a reticulated foam for
methane reforming. Indeed, they tested 18.37 g of carrier reaching stable performance for ten cycles,
methane conversion of 60% and syngas yield around 8.08 mmol/g Ce0,.%*

Other works tried to enhance process performance, through the incorporation of noble and transition metals
in the composition of the carrier, with the aim of reducing methane activation energy, and so the reforming
temperature. Among the transition metals nickel is the cheapest option and therefore its reactivity has been
deeply investigated.

Ni decorated CeO; was found to exhibit high methane conversions of 65-90% at 700-800 °C® while
conversions of ~99% were observed at increased temperature (900°C) and for extended cycling (50 cycles).®®

The two studies, based on nickel utilization, have been carried out with a low carrier loading (0.2-1 g), testing
the reactivity in presence of dilute methane (5-10%).

However, comparable performance in terms of syngas production and methane conversion was found with
CeO; (working at: 1000-1100 °C) and with Ni-CeO, (working at: 700-800 °C).
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Both materials offer very promising results, indeed pure cerium oxide is effective on higher carrier scale,
while cerium oxide doped with metallic catalyst allowed for milder operating temperatures.

However, even though the development of a suitable carrier for methane chemical looping is at a very
advanced stage, several points still need to be addressed before getting the material commercialized.

On this prospective the current research is focus on i) increasing the energetic efficiency achievable with the
employment of concentrated solar heat as source of energy, ii) decreasing the methane activation energy
through the utilization of catalysts (transition and noble metals) and/or by increasing the methane
concentration.
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1.4 Aim of the work

The objective of this work is to study methane looping reforming employing pellets made of pure
commercial ceria as oxygen carrier.

Previous study based on the utilization of CeO, demonstrated that its suitability for syngas production
could be comparable with that of more complex redox catalysts, even if higher operating temperatures are
required when pure ceria is selected.

The encouraging results obtained on a larger loading scale than those normally used using catalyst-doped
carriers have been the main reason which also prompted this work to expand the database of data
obtainable employing ceria as a carrier for syngas production.

The starting idea have been to treat a commercial ceria powder with a simple forming procedure followed
by a thermal treatment at 900°C, to testing it in a fixed bed rig and to provide a detailed description of how
to optimize process times (reforming, oxidation) to increase products productivities and exploiting deposited
carbon to increase syngas specific yields while modulating the output ratio.

The solid- gas reactivity, in the range of interest (800-950°C), has been verified through the thermodynamic
tools of Aspen Plus software simulator, while the carrier reactivity and cycling stability on small scale have
been verified by thermogravimetric characterization at the institute of science and technology for ceramic
(ISTEC-CNR).

For the testing at higher scale, an experimental rig has been built specifically for the project, and a trustable
analytical method have been put in place for the interpretation of all the relevant metrics which concur to
establish the efficiency of reforming processes (e.g., specific productivities, product yields and purity).
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2 Process simulation: Aspen Plus

2.1 Aspen Basis

ASPEN stands for Advanced System for Process Engineering, and it is a software used to simulate a chemical
process scheme and to quantity model chemical plants, perform sensitivity analyses, check process safety,
and economic.

It is normally employed for complex process schemes constituted of main units preceded and followed by
up and down stream treatment stages.

It works by solving:

e Extensive property balances such as mass, moles, and energy.

e Thermodynamic relationships for reacting and nonreacting systems such as phase equilibria and
chemical equilibria.

e Empirical correlations for velocity, momentum, heat transfer and mass transfer.

e Reaction stoichiometry and kinetic data.

Aspen incorporates several features such as Aspen Plus, Aspen Adsorption, Aspen Custom Modeler, Aspen
Dynamic, and many others.

Aspen plus is normally used for thermodynamic assessment of many processes equipment where
stationary variables are involved since it does not consider temporal variation.

The temporal dynamics could be eventually described with Aspen Custom Modeler which gives the
possibility, once a time-dependent model of a system has been run, to export it as an Aspen Plus block if a
steady state exists.

Aspen tools are very flexible, and they can often communicate between them if determined conditions are
respected. Also, they can be integrated with external code, generally Fortran, to increase the level of details
required for a specific case.
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2.2  Thermodynamic assessment

In this work the thermodynamic tools of Aspen Plus were used to assess the performance of the CeO;
carrier for methane reforming.

All the simulations were set up in steady state input mode with the optional stream class MIXCISLD for the
introduction of vapor components and conventional solids.

Process analysis was performed within the RGIBBS reactor which predicts the gas phase composition once
the minimum of the Gibbs free energy is reached, and an equation of state Is provided for calculations.

Such an approach does not need to input reaction stoichiometry, indeed all the components are equally
specified by the user distinguishing only their physical state.

The simulator searches within all the possible set of reactions the ones which allow to get an overall
minimum energy and when a minimum of the Gibbs free energy function is reached, it determines the
equilibrium composition of the gaseous phase only providing the composition at the chemical equilibrium
with unit activity of the solid reactant.

Simulations were performed on cerium oxide (CeQ;) at atmospheric pressure to evaluate the effect, of
change in the feed composition and operating temperature, on the extent of the gas—solid reaction, heat
duty and syngas selectivity and purity.

A sensitivity analysis was run in the temperature range framed as necessary for the reaction to occur,
namely 860 °C to 950°C, with a stoichiometry feed of CH4 to CeO, (1 kmol/h CHs; 2 kmol/h Ce0O,).

At the ideal temperature provided by this analysis, an isothermal regeneration with air was evaluated as
represented in the scheme below (Fig. 13).

At the inlet of the first RGIBBS reactor the reactants are fed, therefore separated though a cyclone that
sends the solid into a second RGIBBS reactor where air is co-fed for regeneration.

Figure 13:Scheme of a complete redox cycle of reduction with CH4 and oxidation in air.
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From the sensitivity analysis is expected to observe a relationship between the operating temperature and
the favored reactions (methane cracking, methane partial and total oxidation) and to being able to evaluate

the feasibility of working isothermally.

The analysis also aims to verify reactants conversion (CHs, CeO,) over reforming (REF unit) and over
oxidation (OX unit) and to check the feasibility of regenerating the spent carrier.
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3 Material and characterization

3.1 Carrier preparation

The oxygen carrier was prepared through a simple methodology of forming starting from a commercial
material provided by a UK company.

Cerium oxide powder (PIKEM, purity 99.9%) was formed by a hydraulic press, imposing a pressure of 250
MPa, and then sieved to a fraction of 0,595-0,841 mm.

The resulting pellets were thermally treated in the furnaces of the ISTEC-CNR facilities.

The treatment was carried out in air with a heating ramp of 30 °C/min and left in isothermal condition at
900°C with a dwell time of 1h.

It was used then as it is for the testing phase and for TGA characterization.
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3.2 Thermogravimetric Analysis (TGA)
3.2.1 Principle

Thermogravimetry is an analytical technique in which the mass of a sample is constantly monitored to
record any change in weight that occurs over the time as the temperature changes.

The measurement can provide information on physical phenomena like phase transition, adsorption and
desorption and chemical processes such as thermal decomposition or solid-gas reactions. Kinetic
parameters, material stability, and changes in the composition are some of the most relevant aspects
definable with this type of analysis.

TG is a simple technique able to work with low amount of sample in the order of 103g. In the figure is
reported how a typical instrument looks like, model STA449 C Jupiter, employed for TG analysis and a
sketch to illustrate the main components (Fig. 14).
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Figure 14: Scheme of Netzsch-STA-449C Jupiter device.

The TG sample carrier is equipped with a thermocouple for the direct measurement of the temperature at
the sample crucible. Gases of different nature can be sent through the chamber to allow for measurements
in inert or reactive atmosphere.

The measuring unit of the balance is maintained at a constant temperature while the heating element can
provide temperature up to 1500 °C, allowing for measures in different temperature ranges, according to
the application of interest.

Additionally, many instruments designed for TG are also able to serve for differential scanning calorimetry
(DSC) and simultaneous TG with quantitative differential thermal analysis (DTA).

The instrument is normally connected to a computer which can collect, store and process data returning
the trend of mass variation as a function of time and temperature.
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3.2.2 Analysis carried out

The ability to work as an oxygen carrier is related to the internal structure of the oxide and to its redox
potential.

One way to analyze redox behavior is to subject the material to cyclic temperature changes to induce its
change in oxidation state.

The oxygen released is driven by the temperature and it is often induced by the utilization of reductant
compound, able to activate redox reactions and to mitigate the conditions otherwise required for oxygen
release.

Thermogravimetric analyses in air and in inert atmosphere were carried out to assess the oxide stability in
absence of reductant agent, at the higher temperature required in the calcination pre-treatment, and
during the inert purge step required in the looping process.

The measurement was collected by employing air during the heating till 1000°C, and Argon for cooling to
room temperature.

The characterization with reductant gas was carried out to check the solid-gas reactivity and quantify the
oxygen releasable from the reaction.

The ability of the carrier to recover the oxygen was also verified since the re-oxidation capacity is a
property which strongly determines the number of cycles that a carrier can guarantee without loss
performance.

The analysis was conducted in a way useful to simulate what occurs in a looping process.

In a typical test the sample was heated in an inert atmosphere up to the temperature desired and when a
stable value was reached a reductant mixture was sent on the sample.

The reductant atmosphere was kept until the temperature conditions chosen for oxidation were reached
and the oxidation was performed with air till its completion.

Lastly, the same oxidant atmosphere was kept up to the moment the reduction temperature was reached
again.

In all the analysis a flow rate of 180 ml/min at 4% CH, in Ar and a flow rate of 100 ml/min of air were used
for the reduction and oxidation respectively.
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4 Testing
4.1 Set up description

The test rig, specifically designed for this experimental campaign, consists of three main parts: feeding
system, reaction area, gaseous stream detection (Fig. 15).
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Figure 15: Set up employed for the experimental campaign.

The feeding system is made of several Bronkhorst mass flow controllers, while the outlet gases are analyzed
continuously by means of an online analyzer (GEIT 3100 P+ Syngas) equipped with a thermal conductivity
detector (TCD) for the detection of hydrogen, an infrared detector (NDIR) for CHs, CO, CO; and an
electrochemical sensor for oxygen.

The flow meters scheme is organized in a way to easily switch between the gaseous atmosphere, with each
flow meter dedicated to a single, different gas.

The mixed gas feed stream is connected both to the bypass and to the reactor inlet to allow checks of the
composition before starting a new experiment and to account for the actual reagent contribution eventually
removing instrumental errors.

The reactor zone consists of a stainless-steel fixed bed reactor (AISI 316 with an inner diameter (ID) of 10
mm) enclosed in a tubular furnace and perfectly insulated, with external layer of quartz wool, to guarantee

a constant working temperature.

The furnace temperature is set and checked on a Carbonite oven, while the internal temperature of the
carrier is measured with a K-type thermocouple located at the bed mid-length.
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The reactor outlet is connected to the analyzer which in turn communicates with a computer for data
collection. Fig. 16 shows real pictures of the overall apparatus.

Reactor ( OD 10 mm-length 180mm)

Carrier material CeO,
(0.595-0.841 mm)

Portable Syngas analyzer

Electrical Furnace

Figure 16: Experimental set up as it is in DICAM laboratories.

The rig was used in cyclic mode for the execution of consecutive cycles of CHs reforming and carrier re-
oxidation at isothermal condition, while keeping constant the reagent partial pressure and the carrier
loading.

The load of carrier was decided in relation to the instrumental needs; indeed, the analyzer required a
minimum flow of 1 NL/min for its correct operational, therefore, ~15 g of reactant was employed to avoid
an excessive dilution of the output gases that could have caused a low accuracy in their measurement.

In a typical experiment, the reactor was loaded with ~15 g of cerium oxide oxygen carrier prepared as
previously described and employed without any further treatment.

The sample was heated up at atmospheric pressure and the temperature within the reactive bed was
monitored and recorded approximately every two minutes, while the composition of the gases evolved

during the reaction was analyzed continuously.

The looping was obtained through the switch of the reductant/ oxidant stream with a purge with nitrogen as
intermediate step to ensure the cleanliness of the reactor from the previous flow.

38



4.2 Rationale experiments

In the initial phase of the experimental campaign preliminary assessments were done on the system to
check its operability, and to be able to elaborate a reliable analytical method that would rule out false
contributions to the process.

The insulation quality was checked heating up the reactor to the reaction temperature and monitoring the
ability to reach the set temperature value without straining the oven's controlling resistors within the
scheduled ramp times.

The dead volume and the sensors delay time were calculated measuring the response time from valve
opening till gas full breakthrough, at the reaction temperature.

The time at half breakthrough was considered as the time that must be subtracted from the overall time in
each experiment (lag time), to gain accuracy in the description of the initial stage of the reaction.

The subtraction of this delay time is indeed necessary to avoid counting delay time as already part of the
reaction time (thus going to overestimate values of conversions and yields).

Fig. 17 shows the breakthrough curve obtained for each single gas flow. Each curve was recorded
employing 5% in vol. of the gas to be measured mixed with N, and with the reactor only filled with the inert
material.

Same criteria were used for products and reactants, since the sensor response time was estimated to
contribute more to the overall lag time than the time spent in the pipeline from valve opening to reactor
inlet.
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Figure 17: Overall delay time at 900° C for sensor typology a) TCD, b) electrochemical, c) NDIR (red for CH4, blue for CO, yellow for
CO;)
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The breakthrough curve appears to be sharp for all gases proving the fast response time of the syngas
online analyzers. The slight differences visible in the results are related to the different sensors type used
for detection. Electrochemical and TCD sensor requires more time for the measurement than NDIR sensor.

Once rig operational and analyses response were defined, blank experiments were performed in presence
of only the filler material (quartzite sand) to confirm its inertia during the chemical reaction.

Finally experiments in different conditions were started to find the ideal conditions to run the two stages of
reforming and oxidation of the looping process.
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4.2.1 Experiments at long times

The initial experiments were conducted to explore the solid- gas reactivity and to frame the trends
achievable in presence of the selected carrier.

The first test was carried out at 900°C (CH4 10% in N2, 1 NL/min) and lasted until no more gaseous products
were detected waiting for the full breakthrough of the reagents at this operational condition. Absence of
gaseous products at the reactor outlet means that is not useful to exceed this time and it shows the
maximum reaction time achievable in the explored condition.

The selectivity for the reaction of interest and the extent of competitive reactions, namely, methane
cracking and total combustion, was quantified and monitored over time.

Isothermal regeneration was also checked. In this stage the effect of change in oxidant composition and
flow rate was evaluated to determine the possibility to work with simple air, without excessive overheating
of the reactor trying the following oxygen content in nitrogen: 3%, 5%, 21%.

The effect of the overall flow rate variation was checked at three different values: 1,3,5 NL/min.

Reproducibility and performance maintenance were verified through duplication of experiments and
testing for several cycles.

The same procedure was applied varying the reforming temperature, but keeping all the other parameters
constant, to evaluate the differences caused by an increase in temperature.
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4.2.2 Experiments at fixed times

The first set of experiments was used to study the system, understand its limitations, and identify suitable
times for the conduction of the two looping stages.

In the second part of the testing, the most promising temperature was used for isothermal experiments at
fixed time.

The shorter experiments made it possible to verify performance and reproducibility for a greater number of
cycles, therefore they were used to further optimize the process looking at the details of cracking
contribution, carbon accumulation and degree of carrier reduction.

The data were analyzed looking for the condition necessary to work in absence of carbon or, in case, adding
its value through the re-conversion, in additional CO which can enhance the syngas yield.

A summary of the experiments done is reported in table 2.

Test motivation T[°C] t. reforming [min]  t. oxidation [min]
Effect of temperature 900 60 5
950 60 5
Effect of time 950 30 5
950 60 5

Table 2: Time and process temperatures employed for methane chemical looping over CeO, oxygen carrier.
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4.3  Data processing

The method for data analysis was developed together with the verification of the proper operation of the
system. The reaction involved in the two stages of the process were assumed to be the following:

Reforming step

CH4 + 2Ce02 = CO + 2H2 + Ce203 (Partial oxidation) AH°= +332.3 K]/mol (R5)
CHs + 8Ce0z = CO2 + 2H20 + 4Cez03  (Total combustion) AH°= +670.7 K] /mol (R6)
CHs= C+ 2H; (Methane cracking) AH°= +75.0 K]J/mol (R7)
Oxidation step

Ce203 + %2 02 = 2Ce02 (Carrier regeneration) AH°= -368.3 K] /mol (R8)
C+%02= CO (Carbon oxidation) AH°=-110.5 KJ/mol (R9)
C+ 0z2= CO2 (Carbon oxidation) AH°= -393.5 KJ/mol (R10)

The excel file for data processing was developed with the following corrections and assumptions:

I.  The behavior of gases was assumed to be ideal and ideal gas law was used for all calculations.
Il.  Changes in the flow rate were corrected with a mass balance on the inert gas.

lll.  Correction coefficients estimated through an initial check of the composition, in the bypass, was
applied to consider instrumental error.

IV.  The lag time was subtracted from the total reaction time.

The amount of each gaseous species in the outlet stream was obtained from direct measurement, except
for water, which was instead inferred by balances.

Differential and integral mole balances were calculated, as following, to obtain production rate and total
yield respectively:
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For hydrogen, the distinct contributions obtained from the two reactions (R5, R7) were calculated thanks to
the knowledge of the extent of the partial oxidation reaction and of the value of total hydrogen produced,
being the first calculated from the amount of CO produced and the second obtained by direct
measurement of the TCD sensor:

hto}g
.o0x . . .cracking _ ""gHy; . ox
NgH, = 28, =12 Ng,co ; ng'HZ = —2 Ngy,

The entity of methane cracking was inferred by stoichiometry of reaction R7 while the extent of the total
combustion was derived from the measurement of the overall CO, produced (R6).

The carrier conversion was calculated assuming partial oxidation and total combustion as the only reactions
where the oxygen is transferred:

cho + 8nc02
=|——]-100
XCeOz ( nCeOz'ln

While the success of carrier regeneration (R8) was checked with a balance on the oxygen, where its
recovery by the carrier is calculated subtracting, from the overall oxygen supplied during the oxidation step
(ngezg ), the contributions needed for the formation of COy species (R9; R10):

CeO re 1 re re
2 g__ g _ g

No,reg = Mo, ~ 3™Mco ~ "co,

The carbon generated in the first step of reforming was quantified with a balance of any compounds
containing carbon, as:

Nc = NcHa,g — Ncozg ~— Ncog

While the re-oxidizable carbon was obtained for direct measurements of the COxspecies in the following
regeneration phase:

reg __ _reg reg

I
g™ =Ngg + N,
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The difference between the latter two quantities was used to evaluate carbon accumulation for the single
cycle:

re
n%cc — TLEef _ nC g

The calculations explained so far were used to define the main parameters sought by the process, namely:

Selectivity for the partial oxidation:

i
selectivity™/ = —of
Nco,
Syngas ratio for reforming and for the overall process:
Ilzlef n;:lef
syngas™ = —L;  syngas'' = ——2 4=
Specific syngas yields (mol - g) for reforming and for the overall process:
ref ref ref ref reg
o ref _ T, +Neo o M, TNeo TN
yield™® = ———; yield'" =
Ce0y, g CeO2, 8
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5 Results

The thermodynamic analysis, carried out on Aspen Plus, provided useful insights on the potential use of

CeO; as oxygen carrier for the selective oxidation of methane, suggesting the best working temperature for

the stage of reduction, at least from the equilibrium point of view.

The sensitivity analysis reported in Fig. 18 shows the results in the range from 860 to 950 °C, recognized to

be the area in which the reactivity towards methane is more significant.

As evident from the plot a), the oxygen release occurs already at 860 °C, but at such temperature less than

40% of the oxide may be converted, and at least 900°C must be reached to get completion. From this

temperature onward, it is possible to achieve 98% of methane conversion and 100% of oxide conversion.

Additionally, the analysis of the outgoing products pointed out Ce,03 as reduced product of CeO,
conversion while no metallic Ce formation was detected in all conditions explored.

When the carrier completely undergoes in the reduced form, very low carbon deposition is favored
together with a syngas ratio of 2 (Fig. 18b), proof of the high selectivity for the partial oxidation over the
methane cracking.

Interestingly, working with CeO,, in all cases, guarantees a very high CO/CO, ratio, suggesting a negligible

contribution of the complete combustion to the reaction scheme.
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Figure 18: Sensitivity analysis results, collected between 860°C and 950°C for a stoichiometric [O/CH.] ratio, of a) reactants
conversion and reaction selectivity, b) carbon deposition and syngas ratio.

The performance was also checked through a simulation of the overall cycle (reforming, gas-solid
separation, oxidation) to verify the carrier regeneration and the possibility to fully remove the residual
carbon, to avoid its accumulation. Table 3 shows the simulation output achieved at both temperatures,
900°C and 950°C, with air as oxidant agent.
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Temperature xCez03 CeO; C Cco CO,
(°C) (%) (Kmol/h) (Kmol/h) (Kmol/h) (Kmol/h)
900 98.7 1.97 0 0.013 le-04
950 99.5 1.99 0 0.005 9e-5

Table 3: Aspen plus results for the carrier regeneration carried out at the following ratio CH4:CeO;: air = 1:2:2.38.

The material results re-oxidated at both temperatures, reaching almost completion at 950°C, and so the
carbon, despite a high temperature is generally not suitable for conducting exothermic reactions as the
carbon re-oxidation.

Interestingly, the presence of Ce;0; determines a preferentially formation of CO, with respect to the
product of complete oxidation, CO,, which is beneficial, both considering the syngas yield achievable and
the environment concerns related to CO, management.

These results make ceria an interesting material, potentially convenient and feasible for the process, at
least from the thermodynamic point of view; however, this type of analysis does not provide any
information on material durability or syngas production rates, which in turn require the determination of
kinetic data.

For this reason, in this work, the possibility of simulating the kinetics of the process was evaluated by
exploiting literature data, as starting point for assessing the validity of the kinetic simulations achievable
using the Aspen Plus package and their ability to describe simple experimental conditions.

The reaction between a carrier in a fixed position continuously flown by a gas stream, it is classified as a
pseudo-stationary process/ transient process, where the oxide can be consumed and regenerated cyclically
depending on the temperature applied.

In this regard, Aspen Plus presents two fundamentals’ limitations. One is the impossibility to represent a
time-dependent semi-batch process in an environment of stationary variables, the second is the absence of
a section for the description of the reactivity for an immobilized catalyst/reactant.

These limitations could be partially overcome through the integration of an external code describing the
temporal dynamics of the system with Aspen Custom Modeler, which is commonly done in literature when
also a process integration must be evaluated.

However, this is beyond the scope of this work since a process integration assumes advanced knowledge of
the operation of the individual fixed bed unit and to have already identified a suitable material.

Therefore, it has been decided to focus the work on thermodynamic assessment and on verifying the
carrier performance through experimental testing.

In parallel with the simulation activity, to gain useful information about the material behavior and deeply
investigate its reactivity in the process envisaged, the carrier was characterized by thermogravimetric
characterization (TGA) at the institute partner of the project (ISTEC-CNR of Faenza).

First, the cerium oxide stability in air and inert gas at the operating temperatures of the reforming in
absence of reducing agent, was verified, to check the thermal resistance and to ensure that the release of
oxygen depends solely on the reaction with methane (Fig. 19).
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As clear from the solid straight line, index of changes in mass of the sample, no weight loss was observed in
the investigated temperature range.

99
98
97
96

95

Figure 19: CeO,thermogram recorded in absence of reducing agent.

100

Time(min)

1000

800

600

400

200

Temperature (°C)

Therefore, thermogravimetric analysis was carried out at the most promising temperature values suggested
by simulations, 900 °C and 950°C, in a periodic fashion, switching at controlled time the atmosphere from
reductant to oxidant (CH4 4 mol.% in Ar, and air).

The reaction occurs quite fast when methane reaches the oxide, and it gives rise to a maximum release of
oxygen of 2.75 wt.% at 900°C and of 4.30 % at 950°C after 40 minutes of reduction (Fig. 20). The further
regeneration appears to be completed, almost instantaneously, at all temperatures investigated (in the

range 600-900 °C), proving that oxidation is not the limiting stage.

Working at 950 °C allows for faster kinetic, indeed, in comparison with the lower temperature, the same
oxygen release from the OC is achieved about 20 minutes earlier, while running the stage for longer time

allow to reach value close to the theoretical one for the transition from CeO, to Ce,03 (4.75 wt.%).
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Figure 20: Thermogravimetric results for 80 mg of cerium oxide obtained at a reduction temperature of )900 b) 950 for consecutive
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redox cycle using CH4 4 mol.% in Argon for reduction and air for oxidation.
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However, the TGA used for material characterization was not coupled with any analytical technique for the
gas stream emerging from the crucible, so that it allows to compare the OC conversion and the reaction
times at different temperature, but it is unable to provide any information about the actual gaseous
products formed and the selectivity in the products of interest.

Experimental tests were carried out in the fixed bed reactor at the two temperatures (900°C and 950 °C) to
qguantify the gases produced and the data were elaborated highlighting the trends of the more relevant
parameters which concur to determine the cyclic performance, namely, reactants conversion, process
selectivity and yields of the products of interest.

As one can see in Fig. 21, in the fixed bed experiments, the carrier conversion is limited, similarly to what
observed in TGA, and it cannot reach completion as predicted by thermodynamic simulations.
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Figure 21:Reforming results of CeO, conversion, outgoing gases profiles, syngas yield and selectivity at a), b) 900 °C and c), d) 950 °C
achieved for 10% CH, in N2 and carrier load of 15.34 g.

However, the model analysis assumed ideal conditions, in which all the oxide is accessible to methane, the
characteristic contact time between the two phases in the reaction environment.

Complete conversion could be hampered by the inability of methane to penetrate and diffuse into the
porosity of CeO, under the conditions investigated so far.

Table 4 reports the amount of oxygen released, achievable in all the explored conditions over the TGA
cycles and during the fixed bed experiments to show its extent respect the theoretical value for the
transition from CeO, to Ce,0s obtained from stoichiometry (maximum O, release of 4.75 wt.%).
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However, it is necessary to point out that such data are meant to frame trends and not to draw down
guantitative conclusions, since they come from different measurement techniques, in which the gas/solid
contact times are not comparable.

Temperature(°C)
900 950
Time(min) O,-released (wt.%) O,-released (wt.%)
30 2.73 3.74
Fix bed 40 3.08 3.81
30 2.30 4.00
TGA
40 2.75 4.30

Table 4: Oxygen released value for fresh cerium oxide sample achieved in TGA and for fixed bed experiments.

However, it is evident, from the large conversion values obtained, that the phenomenon is not merely
superficial and both bulk and surface oxygen react.

In the same time frame, a larger working temperature (950 °C) allows for a greater release of oxygen and
thus a faster rate of reaction of interest. Nonetheless, the conversion is incomplete and carbon deposits are
observed in both cases.

As shown in Fig. 21 a) and c), the conversion of methane and cerium oxide reaches a maximum after 40
minutes at 900 °C, while only 30 minutes are needed at 950°C, confirming the faster kinetic achievable at
higher temperature and the more efficient utilization of the reactants, even visible from the larger yields of
syngas (Fig. 21 b, d). This is particularly evident for hydrogen, while the increase in CO yield is not that
significant, indicating that the change in temperature has a stronger influence on the methane thermolysis
than on partial oxidation.

However, in both cases, one can obtain syngas quality in the range of interest (dash black line), and the
hydrogen formation continues without oxygen transfer, when the carrier stops reacting, as indicated by the
non-zero value of hydrogen and the incomplete conversion of methane. Furthermore, methane cracking
seems to be the only reaction that competes with partial oxidation, as the selectivity towards syngas is
notable as testified by the high CO/CO; ratio.

The amount of carbon deposited can be inferred from the difference between the total hydrogen produced
and the one generated from the partial oxidation only (R5-R7).

Fig. 22 shows how the H; production rate varies with the carrier conversion, and it shows the greater
presence of carbon at the higher temperature, which is not surprising if one considers the endothermic
nature of methane cracking.

The plot also allows to identify the extent of cerium reduction needed to avoid carbon deposition opening
the path to the optimization of the reforming step.
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Figure 22: Different contribution to hydrogen production rate of methane cracking and partial oxidation at 900 °C and 950 °C.

Combining these results with those reported in Fig. 21, it is possible to make consideration on the ideal
duration of the reforming. Indeed Fig. 22 pointed out when methane cracking starts in relation to the
carrier conversion while Fig. 21 a) and c) shows at which process time a certain extent of carrier conversion
is reached.

As one can see, selecting a reforming step lasting 10 minutes (yCeO,: 40%), corresponding to maximum
rate of production and negligible quantities of carbon formed, makes the regeneration easier; that
represents the optimal solution as it may coincide with a considerable increase in the life of the material
respect to the cases with carbon considerably build-up.

On the other hand, if the redox reaction is interrupted after 20 minutes (xCeO,: 70%) or 30 min (yCeO;:
80%) the produced syngas is characterized by an interesting ratio for the targeted use, together with a
good utilization of both the reactants and a higher overall productivity.

Despite a longer reforming contributes more significantly to carbon formation, making its removal more
challenging, cyclic experiments were done carrying out the reforming at a fixed time of 30 minutes and the
regeneration isothermally until oxygen breakthrough was observed, to evaluate the possibility to fully
remove the carbon deposited and at the same time to increase the syngas yield. Indeed, during carbon
regeneration part of it can be re-oxidized to carbon monoxide.

For each redox cycle, carbon build-up and regeneration efficiency were quantified as shown in Fig. (23 and
24).

Carbon at each stage has been identified through a global balance on carbon atoms during the whole cycle,
subtracting the combustible carbon from the total carbon generated by methane cracking.

Indeed, the carbon can only be originated from methane decomposition in the reforming step and when an
oxidant agent is sent to the carrier, carbon is gasified into CO and CO; to an extent that is function of
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oxidant nature and concentration. The carbon which cannot be burned during the regeneration remains

accumulated on the carrier.
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Figure 23: Carbon build-up for a reduction stage of 30 minutes and an oxidation stage of 5 where 1) is the total carbon formed in
reduction, 2) the quantities combusted in the regeneration and 3) the residual carbon.

The regeneration was evaluated under different oxidation conditions by varying compositions (3-5-21% O»
in N2) and fluxes (1-3-5 NL/min), but it was decided to work with 3% O, because of the impossibility of
controlling reactor overheating due to the initiation of carbon combustion reactions therefore, all
reoxidations followed by a reforming time set at 30 minutes are limited to 3% O, and do not allow air to be
used even at the highest flow rates tested, limited in turn by the flow meters available.

The efficiency of carrier regeneration was evaluated from a mass balance on the oxygen, subtracting from
the overall oxygen provided during the oxidation, the one used for carbon reoxidation.
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Figure 24: Oxygen balance of an overall redox cycle with a reduction time of 30 minutes and an oxidation stage of 5 where 1) is the
total oxygen supplied 2) the oxygen employed in carbon re-oxidation and 3) the oxygen released during reforming.
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The resulting value was compared to the oxygen released during the reforming step and the ratio of these
two quantities used to define the total efficiency of oxygen regeneration (n). The stability over consecutive
cycles was evaluated as well, and the efficiency was found close to the unit for eight consecutive cycles
(Fig. 25).

Furthermore, the presence of carbon seems does not hinder the looping process in cyclic utilization of the
OC. Indeed, even though some carbon is formed, and it accumulates during the cycles (Cac), it does not
seem to interfere with the ability to regenerate of the oxygen carrier, as indicated by the efficiency (n) of
each cycle and from the simultaneous oxygen utilization of the carbon and the carrier (Fig. 26).
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Figure 25: Evaluation of the effect of carbon deposition on the lifetime of CeO; carrier material over consecutive redox cycles.

The same plot shows the time required for the oxidation step, which coincides with the oxygen
breakthrough reached after 5 minutes, and it highlights the faster kinetic of oxidation confirming TGA
outcomes.
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Figure 26: Average gaseous profiles obtained during eight redox cycles of carrier regeneration.
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The extent of the regeneration achieved is also reflected in the stability of the production rates and yields
achieved in the following reforming steps (Fig. 27). The plot reports the reforming steps with all the
products detected and it evidences the predominant formation of the product of partial oxidation with only
some loss in selectivity as the cycles proceed.

12

10

N

AN\

0 30 60 90 120 150 180 210 240
Time(min)

Volumetrci gas compostion (%)
()]

Figure 27 : Yields stability over 8 consecutive cycles.

Therefore, 950°C could be considered a viable temperature to run the process isothermally with a short
overall process time of 35 minutes and no relevant change in the carrier reactivity. The carbon deposition
caused by methane cracking contributed to increasing the overall syngas yield and to adjusting the final
syngas ratio making it suitable for a wider range of applications (Fig. 28).
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Figure 28: Syngas yield and ratio achieved after completing redox cycles.
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Also, considering the results obtained, a larger number of cycles need to be carried out to evaluate optimal
work conditions and guarantee the maintenance of long-term performance without recording drops in
production.
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6 Conclusion

Hydrogen and syngas production processes need to be further studied to overcome the limitations that still
obstacles their market and ensure low environmental impact as well as cost effectiveness.

Conversion processes have been extensively studied by varying materials and process configurations but to
date the only recognized process applied on appreciable scales to secure the world's need for these
resources is the steam reforming of methane (SRM), a process that releases about 9 to 12 tons of CO, per
ton of hydrogen produced.

This work set out to study a commercial material and to study it in detail by selecting for the purpose a
CeO; oxygen carrier, known to have properties suitable for the process, to be available and cheaper than
the materials generally used such as supported noble metals.

The greater advantage associated with the fact that these latter materials continue to be studied lies in
their high activity toward hydrocarbons, which allows for high reactant conversions and good product
formation rates.

The objective of this work was to study the limits of a commercial material processed by simple forming
procedure and to increase its performance and lifetime through the evaluation of optimal process times
with the future prospect of evaluating other material porosities, to overcome the kinetic limitations that
obstacle the full conversion of the CeO; carrier.

Thermodynamic predictions obtained through simulations in Aspen plus showed that it was possible to
work with ceria even at lower temperatures than those selected without negatively impact on syngas
selectivity and on the desired ratio for the mixture (2-2.5).

TGA characterization provided useful information on the carrier behavior under redox looping cycles
proving the solid-gas reactivity and the ease of carrier regeneration at low and high temperatures,
respectively 400 °C and 900°C, highlighting how regeneration is not limiting in the process.

Fixed bed experiments carried out at different temperatures allowed testing the material at higher scale
(15.34 g of Ce0,), to detect the gas evolved and to evaluate the contribution of each of the reactions
involved in the process.

knowledge of the reaction pattern enabled further refinement of the data analysis by allowing a distinction
to be made between the hydrogen formed by the oxidation and that obtained by thermolysis, thus giving a
direct indication on the amount of carbon generated as a function of time.

From this latter data elaboration emerged that reforming test interrupt at 10 or 20 minutes could prevent
carbon formation or limit it to an amount potentially easier to remove at the process conditions
investigated.

However, carbon build up lasting the reforming 30 minutes did not compromise oxygen recovery by the
carrier as testify by the unitary efficiency of regeneration calculated for eight consecutive cycles.

Futhermore carbon reoxidation made it possibile to increase the total syngas yield adjusting the ratio of
syngas at ~ 2.4, which is desired for the greater of syngas applications.

In conclusion the capability to operate the cycle isothermally at 950°C with stable performance using CeO,
as oxygen carrier was proved under a limited number of cycles with an amount of carbon build up which
did not obstacle the carrier performance. Also, the experimentally measured data reported in this work are
consistent with other reported experimental values. %
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However, the material must be tested for a higher number of cycles, to define the carrier lifetime, and the
same must be done running the reforming at shorter times (10 and/or 20 minutes) to allow a complete
comparison of the performance achievable employing the as prepared pellets of commercial CeO,.
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7 Research activity abroad

Part of the research activity was carried out abroad to gain new knowledge on the topics related to CO;
capture and mitigation.

The activity took place at the Swiss Federal Institute of Zurich (ETH) from January 10 to October 14", 2022.

Specifically, it was carried out in the separation process laboratory (SPL) of the institute of energy and
process engineering under the supervision of Prof. Marco Mazzotti working on a project aimed at
establishing the potential of amine-functionalized alumina pellets and monolith for Direct Air Capture
applications.

The project was publicly funded, and it was direct in strict collaboration with other PhD students allowing
to study the applicability of the investigated contactors from a fluid dynamic, modelling, and experimental
point of view.
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7.1 Materials

In this work, pellets of y alumina and honeycomb monolith, made of mullite partially wash coat with 7.4%
of y alumina, were studied before and after an in-house functionalization with amine.

Monolith was provided by HUG Engineering while pellets came from Saint Gobain.

The aim of the study was to frame the performance achievable with the utilization of contactors of
different shapes for DAC applications, where with contactor is meant the overall configuration assumed by
the solid-gas interface.

One monolith corresponds to its contactor geometry, whereas for pellets the packed bed arrangement is
classified as a contactor (Fig. 29).
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Figure 29: Details of the gas-solid interphase of pellets and monolith.

Pellets are made of 100% of y alumina with mesopores of ~ 13nm while the basic mullite only contains
macropores of ~ 22 um, and mesopores of ~ 28nm are introduced with y -alumina wash coat.

Mesopores are the area where the functionalization of amine occurs, therefore, they define the amount of
active sorbent which is possible to deposit. Consequently, pellets allow to work with the 100% of active
sorbent while monolith active sorbent is function on how much y alumina pocket can be added inside the
mullite macropores.

The relevant properties of the materials employed are summarized in table 5 and 6.
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Value

Pellet size [m] 0.003
Pore size [nm] 133
Material density [kg m™] 3600
Pellet density [kg m] 1044
Pellet porosity [-] 0.71

Table 5: y-Alumina rings properties.

Value
Length [cm] 13
Width [cm] 2.9
Wall thickness [mm] 0.4
Mullite density [kg m?] 3030
Mullite pore size [um] 22
v-Alumina pore size [nm] 28

Table 6: Monolith properties.

Representative pictures of the materials are reported in Fig. 30.

Pellets

Monolith

Figure 30: Contactors studied during the experimental campaign.
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7.2 Set-up for testing

In the first part of the project, it was verified the operational of a set up already available, and it was
modified to be able to work with two different configurations of the system.

Two heating systems were tested, one electrical heater connected to a cylindrical column surrounded by
electrical coils (Fig. 31a), and one thermostat bath linked to the internal jacket of a square column,
specifically designed to houses honeycomb monoliths (Fig. 31b).

Thermostat

Electric heater
column: d = 3.5 cm,
w=35cm L =15cm

column:d = 3.7 cm, L = 30 cm

a) b)

Figure 31: Equipment to carry out the testing for pellets and monolith.

The set up was designed in a way to easily switch configuration, with the first layout employed to test
packed beds and the second one to evaluate monolith performance.

The overall rig is made of three main sections: a feeding system, an adsorption apparatus, and a gas
analysis system.

Fig. 32 reported the rig as it was before the beginning of this experimental campaign.

As shown in the scheme the setup was already quite equipped to carry out adsorption measurement both
in wet (valve V1-V3) and dry conditions (valve V2-V4).

However, it was not used for direct air capture measurement before the start of the collaboration, so it was
necessary to make it suitable for the testing at low CO; concentrations and to adjust it in a way to be able
to quantify both CO; adsorption and desorption to properly describe the sorbent performance.
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Figure 32: Set up available et SPL facilities for wet and dry adsorption testing.

Two mixtures of carbon dioxide in nitrogen [5.62% CO»; 400 ppm CO;] and compressed air were needed to
carry out the experimental plan.

Therefore, a second mass flow controller (MFC2) was introduced for the testing at the lower composition
and a tee connection was added to use compressed air coming from a closed line (Fig. 33).

Preliminary tests were performed on non-functionalized pellets to identify the feed conditions in terms of
gas pressure and flowrate needed to guarantee low pressure drop and simultaneously short experimental
times, at high and low CO; content.

Indeed, dealing with low concentration means increasing the experimental time to reach saturation
therefore a higher flow rate must be fed if compared with a higher content of CO; to carried out tests at
reasonable times.

For this reason, MFC2 and the analysis system were arranged in a way to minimize the path of the gas
stream placing both closer to the column thus decreasing the pressure drop and allowing the utilization of
higher flow rates.

MFC1 was left in the same position since it was employed for testing at higher composition and the
pressure in the column was not particularly affected by the flow rate needed with its utilization.

A third mass flow controller (MFC3) was installed after the pump outlet to quantify the desorption.

As analytic system, a mass spectrometer (Pfeiffer Vacuum), was initially used to detect the CO; at the
column outlet but it was then replaced with specific CO, sensors due to several limitations encountered
with its utilization.

The main problem was the instability over time of the signal. Several strategies were adopted to account
for this effect, but they could not offer the same precision achievable with the Vaisala sensor, which were
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preferred since these experiments are also functional for comparison with a modeling study now ongoing
and a very high quality of experimental data is therefore required.
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Figure 33: Set up after the first adjustment.

The adsorption was performed in dry condition, atmospheric pressure, and temperature around 23°C,
while the regeneration was carried out at 100°C and under vacuum (~ 1 mbar) thus conducting the overall
process in temperature vacuum swing adsorption mode (TVSA) as schematized in picture Fig. 34a.

In the TVSA cycle, for the adsorption stage, the adsorbent performances were evaluated through the
guantification of the CO, uptake and through the analysis of the breakthrough curves, while for the
desorption stage it was not possible to quantify the desorbed CO; for both the contactors, since the poor
CO; flow and the proximity to the vent of the MS analysis system caused the dilution of the outlet stream.

Therefore initially, the goodness of the regeneration was evaluated indirectly, comparing the overlap of the
adsorption curves achieved keeping constant all the process conditions for several TVSA cycles; while in the
second part of the experimental campaign for the pure purpose of quantification the material was
regenerated with a purge with N, and Vaisala sensors were used to quantify both the stages adopting a
process configuration such as that shown in Fig. 34b.
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Figure 34: Stages of the process depending on the way of conducting: a) A: adsorption until saturation of the bed, BD: column
evacuation down to vacuum pressure and external heating, H) external heating to fully remove air/N,, D) desorption of CO; at
vacuum via external heating; b) A: adsorption until saturation of the bed, P: column purge with N, and external heating, H:external
heating to fully remove air/N,, D) desorption of CO, with N> and external heating.

A visual sketch of the final configuration employed for this second part of the testing is provided in Fig. 35,

since all the results reported from now on have been obtained with this configuration which provided the
most accurate data.
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Figure 35: Experimental set up sketch of the final equipment employed for testing.

Different types of experiments were done testing the performance of pellet and monolith varying
concentrations and flow rates.

For the monolith also a new design of the contactor was proposed and tested as a potential solution to
improve the slow kinetic typical of the adsorption at low concentrations.

Tables 7 and 8 summarized the experimental conditions.
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Test motivation n°exp. yCO;,[-] Flow rate [mol/s]
Reproducibility 3 0.05 0.001
3 0.000382 0.002
Effect of flow rate 1 0.05 0.0005
1 - 0.001
1 - 0.002
Effect of concentration 1 0.05 0.002
1 0.000382 0.002

Table 7: List of experiments done on pellets.

Test motivation n°exp. yCO,[-] Flow rate [mol/s]

Reproducibility 3 0.000382 0.001
3 0.05 0.001

Effect of flow rate 1 0.000382 0.00018
1 - 0.002
1 - 0.003

1 0.05 0.00002

1 - 0.00006

1 - 0.00018

Effect of concentration 1 0.000382 0.00018

1 0.05 0.00018

Effect of plug addition 1 0.000382 0.00018
1 - 0.002
1 - 0.003

Table 8: List of experiments done on monolith.
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7.2.1 Experimental protocol

In the experimental campaign two experimental procedures were developed that differ mainly for the
desorption step being the adsorption basically the same for the two cases.

The procedures were equally applied to both contactors since the couple column/heating system was
interchangeable and did not require further adjustments of the rest of the equipment.

The pressured mixtures were fed to the column at ambient temperature using Bronkhorst mass flow
controller of different full scale depending on the inlet concentration.

Both the mass flow controllers were designed to work with mixtures but the ones available were calibrated
for a different gas combination therefore calibration factor (CF) provided on Bronkhorst website were
applied for the flow rate correction.

The calculation of the coefficient required defining the inlet conditions at the MFC: temperature, pressure,
and gas composition.

MFCs were controlled by LabVIEW as well as the solenoid valves that regulated the flow in the bypass and
through the column.

The experimental protocol was developed twice for the need to quantify desorption.

In the first experimental procedure the analysis system employed was an MS with problems of signal
stability, therefore, before and after each adsorption experiment, the signal intensity of the mixture was
recorded in the bypass line to monitor signal variation over time.

At the beginning the signal in the bypass was recorded for approximately 30 minutes since the MS
measured through a withdrawal valve that needed some time for stabilization.

After this step the mixture was switched through the column for adsorption at ambient pressure and
temperature.

At the column opening, the LabVIEW time was written down to be synchronized with the one of MS.

At the end of the adsorption, the signal was recorded again in the bypass for some minutes while the
column was heated (thermostat/ heater depending on the contactors) and vacuumed.

A similar procedure was applied in the experiments made with Vaisala CO; sensor.

The time for collection of the signal in the bypass was reduced to five minutes and the desorption of CO;
was achieved by heating and purging with inert gas.
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7.2.2 Adsorption response

The result of this type of experiment is a breakthrough curve. A common representation shows the outlet
fraction of the gas at the column exit as a function of the adsorption time as reported in Fig. 36a.

The knowledge of the significant times of the curve, BT point and equilibria, makes it possible to estimate,
respectively, the maximum time of adsorption in the column without the escape of the gas to be treated
and the saturation time of the sorbent under the conditions used. The breakthrough starting point is
properly quantified if the dead volume is excluded from the representation.

The area delineated by hatching highlights the extent of adsorption and through mass balance allows
quantification of the maximum sorbent capacity.

Once the goodness of regeneration is validated, repeating multiple adsorption experiments allows
assessments of capacity loss or conversely ensured that the material retains its characteristics the overlap
of the curves obtained under the same adsorption conditions can be used to improve the regeneration
conditions (Fig. 36b).
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Figure 36: Main information achievable on the thermodynamic from a breakthrough curve.

The shape of the breakthroughs’ curve contains kinetic information (Fig. 37). The whole zone in which the
breakthrough front extends is called mass transfer zone (MTZ) and it is studied to identify the resistances to
the mass transfer and to distinguish their different contributions to define the kinetic of adsorption.
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Figure 37: Area of interest for the Kinetic information achievable from a breakthrough curve.
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During this work the breakthroughs’ MTZ of the curves was plotted as a function of a relative time obtained
as the difference of the experiment time and the time at half breakthrough (t50). In this way the time at t50
becomes the zero of each curve and it could be used for comparison.
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7.3 Experiments motivation

7.3.1 Preliminary experiments

The two contactors were studied, prior to amine functionalization, to evaluate the presence and the extent
of other phenomena, such as sensors response time and axial dispersion, on the shape of the breakthrough
curve.

The response time was measured through the bypass connection at all the composition and velocities
planned for the experiments while axial dispersion was evaluated at the same conditions but with
breakthrough experiments through the column.

The volume of the bypass was not considered during response time experiments due to the short length
and thin diameter of the piping line.

Axial dispersion experiments were made on monolith and pellets but in presence of these latter was not
possible to properly quantify the effect due to y alumina uptake.
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7.3.2 Effect of flow rate

All other conditions being equal, variations in flow rate affect the film resistance.

Normally increasing the flow rate allows to overcome kinetic limitations related to gaseous film formation
which originates to a greater extent as the adsorption proceeds.

The film is established in laminar regimes while it is less common in the presence of turbulent motions, so
in the case considered this effect is more expected on experiments done with monolith.

The value of the flow rates was decided based on load of active sorbent. Monolith houses less sorbent than
pellets therefore lower flow rates were employed to avoid immediate breakthrough.

On the contrary, on pellets the large presence of active sorbent prompted working at the highest flow rates
achievable with the available flow meters so as not to incur in too long experiments, especially at the low
concentration.

The experiments at different flow rates were done to check the presence of film resistance and eventually
find the conditions to avoid its formation to increase the kinetic of adsorption.
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7.3.3 Effect of concentration

The definition of the impact of the concentration of the stream to be processed on the kinetic is of
fundamental importance for the development of DAC applications.

It is enough to say that, at equal amount of adsorption sites, a stream with low CO; concentration will take
more time to occupy the same number of sites than one stream where the gas phase is richer in adsorbate.

This concept is also well visible in the adsorption isotherm, where the slope of the solid-gas ratio (g/c)
decreases as the CO; partial pressure increases.

In the adopted linear driving force model, the mass transfer is described by a lump coefficient calculated as
follow:

C.

K=(K; +K,) =

din

Where Kf is the index of the transport through the film coefficient, K, is the equivalent in the adsorbent
Cin

*
in

porosities while consider the concentration dependency.

The investigation of the role that each of these factors plays is crucial in the definition of the kinetic of
adsorption as evident from the relation existing between the adsorption capture rate and the mass transfer
coefficient:

aq

§=k(q -q)

In this work the effect of concentration on the kinetic was evaluated with testing at two compositions,
namely, 5.62% CO; in N; and 382 ppm CO; in N,.

In the beginning the two contactors were compared separately, testing their behavior with experiments at
different composition for the same contactor.

Finally, the trends of pellet and monolith breakthrough curves were compared at the same flow rate and
composition to evaluate which contactor geometry could be more competitive for the adsorption stage of a
DAC process.
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7.3.4 Addition of the 3D plug

The configuration of the sorbent defines the solid-gas interphase and strongly influences the interaction
between adsorbate and absorbent. Therefore, customizing the design of a contactor allows to intervene in
the dynamics of the adsorption process.

In this prospective during the work, a new design was proposed for the monolith with the aim of improving
the performance respect those of the monolith in the traditional layout at open channels.

A 3D printed plug made of Nylon 12, was designed and applied to both the external sides of the monolith,
closing each channel alternately and taking care of applying the plug complementary on the ends of the
contactor as shown in the Fig. 38.

Figure 38: Flow direction for a monolith with closed channels.

The insertion of the plug blocks part of the channel varying the effective velocity within each channel and
forcing the flow through the wall without bring any loss in the adsorption capacity since it does not
interfere with the amount of sorbent which can be deposited but it only deals with kinetic.

In this configuration a mixture of Ergun and Hagen-Poiseuille pressure profile is expected together with an
increase in the mass transfer due to a decrease of pores resistance.

The difference in the performance achievable with this new configuration is a novelty in the field of DAC,
indeed in literature results of adsorption achieved with this contactor has not been found.

Experiments at the different flow rates were carried out on the monolith with open channels and the
results were compared with those achievable with the plugged monolith to evaluate their difference in
kinetic.
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7.4 Data processing

The data analysis was made with MATLAB combining the information exported from LabVIEW with those of
an external excel file which contained the MS data originally available as a text document. The properties of
the column were added directly as .mat file.

Other parameters useful for calculations were retrieved from a second excel file where it was defined for
each experiments the feed condition, the MFC used and the CF to be applied and the dead volume together
with the LabVIEW time when the MS was start up and when the column was opened.

At each interval the inlet volumetric flow rate was calculated multiplying the flow rate set ancal for the CF
to evaluate the true flow rate. The subscript n depends on the fact that the MFC was calibrated under
normal condition.

Vn,mix = 'n,cal - CF - Np = Vn,mix (P, T)

The outlet flow rate was obtained from the molar balance on the inert species.

7;lin (1 - yCOZ,in)
(1= Ycoz,0ut)

Nout =

Knowing the molar flow rate and the composition, CO; contribution was defined in each interval:

Nco2,in = Nin * Ycoz,in

Nnco2,0ut = Nout * Yco2,out

After integration over time the total uptake was achieved.
The processing with the Vaisala sensors was the same relative to the adsorption step.
The only difference was in the format of the file from which the data was extracted.

The desorption was quantified only in presence of Vaisala sensors considering zero the CO; inlet and
applying the conversion factor the MFC at the column outlet.
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7.5 Main contributions of this work

The experimental campaign brought new knowledge on the use of packed beds and monolith for the
adsorption process at low CO; concentrations.

At first it evidenced the possibility to achieve reproducible results for both the contactors at different
concentrations. In Fig. 39 are reported the results of the reproducibility obtained at the amount of CO;
handled in DAC applications.
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Figure 39:Reproducibility test measured on a) pellets, b) monolith.

Some discrepancy is visible in the curves profile achieved over pellet (Fig. 39a) while an almost complete
overlap of the breakthrough curves is evident for the case of the monolith (Fig. 39b).

However, the experiments on pellets took so much longer due the larger sorbent loading, allowed by a
packed bed configuration of the column, which made difficult to complete an entire experiment with the
utilization of a single gas bottle, and brough to run experiments with tanks at slightly different
compositions depending on the gas bottle availability.

The possibility to work with air was also checked and its trend over time recorded for approximately two
days. The reproducibility achieved could be considered quite good in all cases considering the almost
complete overlap of the curve for more than one day.

The deviation after 30h for the case of air (R3 in Fig. 40a) was attributed to the failure of the mass flow
controller to stabilize change in the pressure of the compressed air, which could be quite variable for long
use.

Packed beds and monoliths both showed good reproducibility. However, they required a very diverse time
to complete the breakthrough curve due to different sorbent loading but also to differences in the kinetic
of the adsorption process.

For the evaluation of the capture rate, a model with a linear driving force and a lump mass transfer
coefficient was considered.

Preliminary experiments were done to decouple the contributions on kinetic of axial dispersion and mass
transfer.
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First breakthrough profiles were recorded in the bypass to exclude the dead volume and the sensor
response time from kinetic evaluation (Fig. 40). Next experiments were done through a not functionalized
contactor (Fig. 41).
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Figure 40: Total delay time at the main velocities and compositions employed for testing pellets and monolith.

Total delay (sensor response plus dead time) was measured at the main concentrations and velocities
employed during the experiments on both the contactors.

The image shows the results as a function of a relative time to facilitate the comparison of the
breakthrough front.

As one can see very sharp profiles can be achieved at the high and low flow rates, even though at low flow
rates the flow requires significantly more time to reach the sensor.

Pipeline section and length were used to calculate the theoretical time required to reach the sensor to rule
out any possibility that the delay could have been in part due to CO, uptake.

These calculations were repeated for all the flow rates and were found to follow absence of uptake.

For the case of monolith, axial dispersion results are reported for the same conditions in Fig. 41, while for
pellets these data are not available due to the occurrence of adsorption phenomena during the testing of
non-functionalized rings.

As evident from the discrepancies in the slope obtained at different velocities, at both composition axial
dispersion contributes to the kinetic, even though in different extent depending on CO, concentration.
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Figure 41: Axial dispersion results for monolith.

A visual representation of the impact of its presence on the experiments is provided at the higher
composition, where the effect is predominant, in Fig. 42.
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Figure 42: Contribution of axial dispersion in adsorption test at different velocities related to a monolithic contactor.

As shown in the image the response time has not influence on the overall resistance while axial dispersion
accounts in all cases, slightly at the higher velocity but significantly at the lower flow rates.

Axial dispersion contribution could be seen as the difference between its curve and the one of the response
times while the mass transfer effect is visible from the divergence of adsorption and axial dispersion curve.

Interestingly the behavior is quite different for the case of 382 ppm where adsorption is so slow that axial
dispersion (AD) is no longer the main contributor and mass transfer becomes the limiting step (Fig. 43).
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Figure 43: Effect of axial dispersion at low CO, concentrations.

Adsorption experiments for pellets are reported in Fig. 44.

Despite these trends, it is not possible to make complete statements due to the lack of axial dispersion
data, it is reasonable to exclude the presence of film resistance, due to the slight differences in the slope of
the breakthrough curve at higher flow rates and to the literature background on the limiting phenomena

on packed bed.
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Figure 44: Adsorption measurements on pellets at different flow rates.
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The discrepancy observed between the curve at low and high flow rate is most likely due to axial
dispersion. However, experiments on non-functionalized pellets of an inert material of similar dimensions
are necessary to confirm these considerations.

Tests at equal flow rates and different concentrations, on both contactors, were done at the highest flow
rates possible between the ones employed.

Particularly, 0.002 mol/s was selected based on the maximum flow rate provided by the MFC to reach
acceptable experimental times for pellets, while 0.00018 mol/s was employed for monolith using the
maximum flow rate to avoid immediate breakthrough at the 5.62% of CO; and to decrease the influence of
film resistance at the same time.

In the two cases the pores contribution acts similar on the curves being the contactor the same, so
influence of resistance in the pores can be considered negligible in this comparison.

In Fig. 45a are reported the results obtained on pellets while in Fig. 45b are shown the trends achieved for
monolith, at the concentration tested (5.62% and 382 ppm CO; in Ny).

The plots show that at low concentrations the kinetics are severely slowed in both cases with a decrease in
the mass transfer that can be considered proportional to the cin/gin* ratio.
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Figure 45: Effect of concentration on a) pellets and b) monolith.

The fall of the mass transfer coefficient was estimated through the calculation of the gas-solid ratio, where
the gas concentration (c) was obtained by the ideal gas law at the inlet condition of pressure and
temperature while the concentration of the adsorbed CO; (q) was derived from the isotherm.

The ratio results of ~ 60 for both cases since the inlet concentrations used are the same and the isotherm
ratio was proved to be the same between the contactors.

In Fig. 46 the effect on kinetics induced by the low CO; concentration was looked specifically on pellets and
monolith in a comparison at equal flow rate and composition.
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Figure 46: Comparison between pellets and monolith at equal flow rate [0.002 mol/s] and CO; concentration [382ppm].

The steeper curve achieved for monolith testifies a more effective mass transfer with respect to pellets.

The reasons behind this behavior were explained by the higher gas solid ratio and the different porosities of
the two contactors.

Indeed, in this case, the inlet concentration is the same but the adsorption sites available for the uptake are
less on the monolith due to the lower sorbent deposited on its walls.

This implies that the same amount of gas must occupy fewer adsorption sites and consequently this takes
less.

Also, while pellets only have mesopores, the mullite, which constitutes the monolith, has macro and
mesopores allowing for better gas diffusions and it offers shorter paths to the gas as well. Indeed, the CO,
molecules must pass through a wall of 0.4 mm instead of a pellet of 3 mm.

Up to this point experiments made varying the feed concentration and flow rate allowed to gain knowledge

Cc

on how Kf, Kp, q% influence the adsorption kinetics.

in

On monolith the stronger limitations on mass transfer appeared to come from film resistance therefore a
more effective configuration of the monolith was proposed to overcome these limitations and further
increase the kinetic in a prospective to boost the capture rate enough to adsorb as much as pellets at shorter

times.

Indeed, the experiments showed that the kinetic of pellets appears to be limited mainly by the low CO,
concentration fed rather than from film resistance, while for monolith this latter contribution seems to play
a strong role.

This could be explain considering that the film formation results favored in the empty channels which
constitute the monolith itself due to the higher probability to have a laminar flow regime, which is instead
generally not the case of packed bed columns where turbulent regime are more common.

To disturb the laminar flow inside the monolith, a new configuration of the contactor was proposed and
tested for the first time in this work.

A 3D printer plug was designed and applied to both the external sides of the monolith closing each channel
alternately and taking care of applying the plug complementary on the ends of the contactor. In such a
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configuration the flow enters the channel from which cannot exit and is forced to pass through the wall
(Fig. 47).

Figure 47: Monolith with the 3D printed plug (Nylon 12).

Also, in this condition the effective velocity inside each channel increases and a laminar regime is less
favored.

Experiments at the same flow rates tested before on the monolith were repeated in presence of the plug to
evaluate the impact on the breakthrough shape and compare it with the case of the unplugged monolith.

The same contactor was employed for testing since the plug was printed to perfectly fit the monolith and
to ensure absence of leakages. A thin layer of a thermal resistant resin was applied between the plug and
the monolith to avoid any movement of the plug.

The curves obtained with the plug are shown by dash line in Fig. 48. The shape of the breakthrough curves
testifies that plug addition brings steeper profiles for all cases and consequently faster kinetics.
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Figure 48: Influence of plug addition on the kinetic of the monolith at different flow rates.
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The relevance, on an industrial scale, of productivity and cost effectiveness led us to represent the results
in terms of these indexes.

The general performance of the contractors was therefore evaluated in terms of productivity and specific
energy demand. All the specific energy contributions were calculated as follow:

e %VAPdt

W:

Nads

As clear from the formula, the pressure profile which develops within the contactor largely impacts on the
energetic demand of the blower, responsible to feed the air through the DAC module, and consequently on
the cost effectiveness of the overall process.

Depending on the pressure drop that develops along the column the consumptions will be higher or lower.

The evaluation of this contribution is related to the knowledge of the flow regime since the pressure
depends differently to the flow rate according to the regime that is being established.

In general rule turbulent regime brings to a quadratic increase of the pressure with the flow rate while
laminar regime determines only a linear rise. Therefore, higher consumptions are expected for pellets.

Energy penalty (W) was calculated considering an efficiency of the fan (n) equal to 0.5 while the pressure
difference was read on the manometer located on the conic flange of the monolith for this contactor and
on the manometer at the column inlet for pellets.

The values were read on the same manometers at the end of experiments since when the experiment ends
and there is no inlet flow in the column the manometer reads the atmospheric pressure.

The productivity was obtained as the ratio between the CO, mol captured up to 90% of CO, breakthrough
and the time needed to reach this adsorption without constrains on recovery.

Indeed, in DAC applications the un-adsorbed CO; is re-emitted in ppm and not as concentrated stream as
occurs in the processing of flue gas.

The results at different flow rates are depicted in Fig 49.

The analysis of the energy consumptions as a function of the productivity showed that, at the same flow
rate, the monolith results favored over pellets and that the presence of the plug brings to an increase in the
velocity of adsorption.

In all the conditions explored the plugged monolith appears to be less energy demanding than the
corresponding unplugged (Fig. 49a). A slight trade-off is visible at the lower flow rate, but this is not
particularly relevant since higher flow rates result in a much more convenient way to achieve good
productivity.

These differences are also more substantial if the results are plotted normalized on the active sorbent, how
is evident from the widening of the gap in the productivity of pellets and monolith (Fig. 49b).
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Figure 49: Specific energy demand as a function of productivity for pellet, monolith and plugged monolith normalized on a)

contactor overall mass and on b) mass of active sorbent.

In conclusion, this study has led to the awareness that despite packed bed column being allowed to work
with higher loading, in presence of such low concentrations, the utilization of monolith results favored due
to strong kinetic limitations over pellets.

This places monolith as a more promising contactor than pellet at DAC concentration, at least relative to
the adsorption stage. However, only a study that considers a whole cycle can allow us to determine the
better contactor.
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