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CHEMICAL LOOPING COMBUSTION RELATED PROCESSES
USING SOLID OXYGEN CARRIERS OXIDIZED
IN CO,ATMOSPHERE

Abstract: Chemical-looping combustion (CLC) is an attractpuecess in C@capture, especially when solid
oxygen carriers are used in it. The main requirdméor oxygen-transporting materials include appeip
oxidation (in air) and reduction (in the presendefu®l) ability. In the paper a conceptual propiasit for
CLC-related processes with the application of sokgigen carriers oxidized in both air and £&mosphere has
been presented. The possibility of the “loopingdqass on the same carriers using both &@ air atmosphere as
an oxidizing agent allows us to enrich the conceptCLC and related processes by proposing a cyclic
recirculation of the produced Gack to the installation. The oxidizing of solikygen carrier in a CO
atmosphere is accompanied by CO emission from ket pThis toxic gas could be transformed into efuis
product in any chemical process. It is possibledambine the looping processes with manufacturingrof
appropriate morphological form of carbon in thelicy€O disproportionation process. The combinedcess
could lead to a lower CQOemissions to the environment. Sri@oped by Cr (STO:Cr) and a mixture of
TiO,- and Ni-based compounds (TEi@i) were investigated as oxygen transporting niater The experiment
methodology based on thermogravimetric, diffractéord spectroscopic studies was shown. Thermogrénitme
(TGA) and Powder Diffraction (XRD) measurements averovided in-situ during a few cycles in a redgcin
(Ar+3 % Hy) and oxidizing environment. Moreover, the STO:@wgers were characterizeg-situ by the X-ray
Photoelectron Spectroscopy (XPS) method. It wasidothat in tested conditions the cyclic processthaf
investigated powders’ oxidation and reduction isgilole. Satisfactory results considering the oxygansport
capacity was obtained for the Ti®i sample.

Keywords: CO,, chemical looping combustion, chemical looping deforming, chemical looping gasification,
solid oxygen carrier, C&lecomposition, CO disproportionation

I ntroduction

The Kyoto Protocol [1], which entered into forceZB05, obligates the countries that
have ratified it to reduce G@missions to the atmosphere. The necessity otirglihe
energy inputs in industrial processes that has leosed by the Protocol is one of the
main reasons behind searches for new technologielaat reducing emissions of the gas.
Chemical-looping combustion (CLC) and chemical logp gasification (CLG) are
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attractive processes which facilitate C€apture. In this technology solid oxygen carriers
are used - then the combustion air and fuel havéireat contact and, therefore, are never
mixed. One of the main requirements for oxygendpamting materials is an appropriate
oxidation (in air) and reduction (in the presentduel) ability [2-4]. In the CLC solution

a pure CQ stream leaves the system [5-7]. There are a lopaxfsibilities for gas
sequestration like: storage in used oil and gdddier deep coal beds, storage in aquifers,
chemisorption processes and formation of carbonatts [8-16]. However, scientific
works also show possibilities of decreasing g @@ount in the atmosphere by dissociating
the gas molecules e.g. [17-20]. Recently a conoépthemical looping dry reforming
(CLDR) has been proposed [21]. The CLDR processniglar to CLC, but in the former
the air is replaced only by GOThe new proposition requires oxygen carriers twtdce
capable of oxidizing in a Catmosphere. COmolecule decomposition is possible through
contact with metallic or oxide materials [22-24j. these processes ¢Plays the role of
an oxidant for a substrate. The reaction yield €eethe same starting material depends on
earlier surface treatment, including the contadhefsubstrate with a reducing atmosphere
[25]. However, many materials in contact with L@ay exhibit a tendency to form
carbonates rather than oxidate and it is necessaryeck for the occurrence of sorption or
decomposition of gas molecules.

In this work it has been shown that both strontititanate powders doped with
chromium and a mixture of Tiwith Ni can be oxidized not only in air but alsodarbon
dioxide atmosphere. It was found that when bothvaboentioned atmospheres are used as
oxidizing agents and a mixture of iith Ar is applied as a reducing agent, the cyalicl
reversible red-ox processes are possible to ogttheinvestigated powders. The principal
aim of the paper is to show a conceptual developwie@GLC-based processes based on the
application of solid oxygen carriers oxidized natyin air but also in a COatmosphere.

Sample preparation

The investigated samples were obtained in a stdig seaction process by mixing and
subsequent annealing of the pure chemical reagant800 °C, in a pure oxygen
atmosphere. The substrates of S§C@iO, and Cr were added in mole ratios of
1.00:0.85:0.15 respectively. This procedure reduite the obtaining of a two-phase
material. Following the main SrTiphase the sample consisted of SrCi&fter treating
the sample with a hydrogen atmosphere at the teanperof 800 °C a one-phase Sr{iO
sample doped with chromium (STO:Cr) with the pekites structure was obtained.
A similar process was applied for the sample ofOgINi), where both substrates
characterized by 1:1 molar ratio were annealediincanditions at 1000 °C and next
reduced at 900 °C. After the first step the phammposition included Tig Ni, NiO and
NiTiO3, while after the second step only i@nd Ni were present in the sample.

M easur ements techniques

The thermogravimetry analysis (TGA) measurementeevearried out at 800 °C in
an alternating atmosphere, namely, carbon dioxitk reducing atmosphere (argon with
an admixture of ca 3 % hydrogen) by means of a 808 PC thermal analyser produced
by Netzsch. At the same conditions X-ray powdefraition (XRD) measurements were
taken using an X'Pert Pro MPD PANanalitycal difaoeter. To enablén-situ XRD
investigations, the Anton Paar HTK 2000 high-terap@e chamber was adapted to
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experiments in a controlled atmosphere (equippheg dgas lines and flow meter). X-ray
Photoelectron Spectroscopy (XPS) measurements perfermed ex-situ by means of
a Physical Electronics PHI 5700 spectrometer withnachromatized Al K radiation.
The samples for XPS investigations were preparedrding to the same temperature curve
and at the same gas atmosphere as in TGA measuseriéi® TGA measurement was
simply stopped at the end of an appropriate stdgeample exposure to air or GO
conditions and the sample was cooled at the samatgaosphere as in the testing stage.

Resear ch methodology of oxygen transport capacity of the solid oxides
under alternating CO, and H, atmospheres

TGA results presented in Figures 1 and 2 demoesthat TiQ-Ni and STO:Cr sample
mass changes during heating at the changing atrassphnamely COand reducing
atmosphere (3 % Hn Ar), respectively. It is visible that the samphass decreases under
reducing conditions and increases in the preseh€Oa In the case of both samples the
process is reversible. The value of changes reag®ximately 4 % for the first sample
and 0.7 % for the second. In relation to the CLDRcpss, an interesting question is
whether this process of cyclic mass changes is emad with the sorption of GO
molecules or with oxidation (possible after prioecdmposition of C® molecules).

It cannot be determined solely on the basis offiBemethod. To distinguish whether it is
gas sorption or decomposition, the XRD technique agplied.

TGA mass change = 4%
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Fig. 1. Mass and phase composition changes of pead@iO,-Ni” sample upon exposure to a variable
atmosphere of C{and reduced atmosphere (3 %iAr) at 900 °C. For the sake of clarity, only
the main reflexes of identified phases have beerkeda Other peaks also come from the
indicated phases (Ze@eaks originate from the holder)
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The results of atmosphere-dependent XRD measurementa high-temperature
chamber are also presented in Figures 1 and 2visible that when Ti@Ni powder came
in contact with C@ additional new phases with a higher oxidatiomestd Ni, namely NiO
and NiTiG;, were formed. However, both phases vanished inacbrwith the reducing
agent and the sample contains only J&Ad metallic Ni. The process is reversible.

It is worth noting that in the XRD pattern of thansple treated by CQOatmosphere
there are no forms of carbonates. Moreover, in exmnts in which the sample was
exposed to air instead of GQhe appearing phases were the same (Table fjght be
therefore concluded that the Ti®i sample could be a solid oxygen carrier capatiile
oxidizing in both air and COatmospheres. Furthermore, the results of XRD eaunsed to
estimate the maximum efficiency of the process urttle assumed conditions of the
experiment. We assume that the phenomena occurdatgoto the below reaction, in
which the oxidation state of the whole Ni contaifmethe sample is increased:

Ni + Ti0, +20, — NiTiO or Ni+Ti0, +C0, €O, — CO +-0, — NiTi0; + CO

TGA mass change = 0.7 %
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Fig. 2. Mass and phase composition changes of a@md STO:Cr sample upon exposure to a variable
atmosphere of C£and reduced atmosphere (3 %ilAr) at 800 °C

Taking into account the molecular weight of theicsalubstrates and products of the
reaction (about 138.6 and 154.6, respectively) aimmam percentage mass change would
reach approximately 11.5 % (the weight gain of $henple/initial weight of the sample).
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This information allows determining how much "resgris still in the performance of the
system and whether it is worth modifying the sudtst(for example by additional grinding)
or changing the terms of the experiment (for examply changing the process
temperature), etc.

Another example is connected with an STO:Cr sanublaracterized by very low
efficiency of oxygen transport ability (Table 1gFPR).

However the results are also presented from a rdetbgical point of view with using
an additional XPS study. During the interactionragbowdered STO:Cr sample with O
an additional new phase of3;6r,0s was formed. However, after subsequent exposure of
the sample to reducing conditions this new phasepgiieared. The reflexes fromgGKOg
appear again after another contact of the redueethle with CQ. It can be therefore
concluded that during the alternating contact of #ample with carbon dioxide and
hydrogen atmosphere, newsGr,Og phases were released and dissolved respectiviely. T
might indicate that in reactions of STO:Cr with £& least some of the gas molecules are
decomposed and the oxygen released as a reshisafgcomposition is joined by the solid
sample (increasing the oxidation level of Cr).

Table 1
Mass and phase changes revealed in TGA and XRDumaasnts for Ti@Ni and STO:Cr samples exposed
alternately to reducing (ca. 3 % solution of hydnogn argon) and oxidizing (air or Gxonditions

M easur ement Relative
Sample conditions Phase composition wagk;/;:?ange
Reduced, 900 °C Ni, TiO
! . CO;, 900 °C Ni, TiQ, NiTiOs, NiO
TiOzNi Reduced, 900 °C Ni, TiO 45
CO;, 900 °C Ni, TiQ, NiTiOs, NiO
Reduced, 900 °C Ni, TiO
! . air, 900 °C Ni, TiQ, NiTiOs, NiO
TiONi Reduced, 900 °C Ni, TiO 94
air, 900 °C Ni, TiQ, NiTiOs, NiO
Reduced, 800 °C SITO
. CQO,, 800 °C SITiQ, SECr,0q
STO:Cr Reduced, 800 °C SITIO 0.7
CO;, 800 °C SITiQ, SECr,0q
Reduced, 800 °C SITiO
) air, 800 °C SrTiQ, SrCrQ, u.ph.
STOCr Reduced, 800 °C SITiO u.ph. L4
air, 800 °C SrTiQ SrCrQ, u.ph.

" unidentified phase - clearly visible only one e&flmost probably of Ti©

However, due to small changes in the XRD pattethefsample under G@onditions
and various phase formation in €@nd in air atmospheres (Table 1), a confirmative
analysis should be carried out by means of aniadditmethod. For the presented example
the decomposition is confirmed by XPS investigagion

In the spectra of Cr2p (with intensity normalizedthe highest signal) presented in
Figure 3 one can see two separate states of Cr2pleeel. The position of the Cr2p
spectrum on XPS binding energy scale generally miaoe/ards higher binding energies
with an increasing oxidation state of chromium [Z&]. This fact was additionally
confirmed by comparative XPS measurements for ih@®:6r sample after heating in air
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(Fig. 3). Therefore, in the spectra presented guié 3 a higher binding energy signal at
a range close to 580 eV is connected with a higkifation state. Taking into account the
higher oxidation state of Cr and the lack of enleament of C1s spectrum in the binding

energy region corresponding to carbonates [28-88f aontact with CQ it can be stated
that the STO:Cr sample was oxidized.
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Fig. 3. A comparison between XPS Cr2p spectra dd:€TF upon exposure to G@nd air. The inset
shows C1s spectra before and after the sample @vgtzs CQ atmosphere
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TGA and XRD data (Fig. 2) shows that reversibildff the sample oxidation and
reduction at appropriate conditions is possibleusThit has been shown on the basis of TG,
XRD and XPS investigations that there are solidgexy carriers oxidized in both air and
CO, atmosphere. Moreover, it is important that oxioiatin an oxidizing atmosphere and
reduction by hydrogen have a reversible chara€tes.cyclic reversibility of the process of
oxidation (in both air and Cf and reduction of the investigated powders coud b
interesting in studies regarding the reduction rmérgy consumption and G@missions.
The results allow a theoretical development ofchemical looping combustion operation
or related processes, such as chemical looping rdfgrming or chemical looping
gasification.

Conceptual modification of CLC and CL DR processes

For further discussion it is convenient to starthwthe following remarks. There are
oxygen carriers capable of oxidizing not only im aut also in a C@ atmosphere.
The oxidation process in both atmospheres can Wergible for samples reduced in the
meantime. In the CLC process run with fuel comlmustising oxygen transported by solid
carriers the main gaseous product is,CIhese facts indicate that modification of the CLC
process could be taken into account, namely, ttieckdation of CQ instead of air in some
cycles can be considered (Fig. 4a). Such recydfrgps from the fuel reactor is even more
desirable in the CLDR process. However, in thisaasycling can be permanent (Fig. 4b).
It is important to note that the oxidation of cars during cycles in a GGatmosphere is
accompanied by the production of toxic CO. Howewkre to much higher reactivity of
carbon monoxide than carbon dioxide, this monoxidkelpful in the synthesis of useful
organic products, for example in Fischer-Tropsabcpss [31-33]. Then CO does not have
to be emitted into the atmosphere. This remarkadated to diagrams in Figure 4a and 4b.

Moreover, the new conceptual proposition for theeltgpment of CLC and CLDR
processes has been added. The idea is based omvelh&nown reaction of CO
disproportionation (CO+C&CO,+C) and was highlighted in Figure 4c. The “CO
reactor” presented in Figure 4c can (but does meeHho) be the same reactor as “air
reactor” or “CQ reactor” in the schemes presented in Figures 44 respectively.
The disproportionation reaction is possible wheratalyst of the most frequent transition
metal or various compounds thereof is used. Itrnievkn that this so-called Boudouard
process [34] can be used in the production of muqgfically different forms of carbon,
such as nanotubes, nanoparticles, encapsulatedrbgrcnanoparticles of metal, etc. [34,
35]. From the point of view of the discussion preed in this paper, the most important is
the fact that during the disproportionation proc2ssolecules of CO give 1 molecule of
CO,. One can therefore imagine the following cycliogess. First COoxidizes a solid
carrier and causes the emission of CO (one @®lecule is decomposed into one CO
molecule and one oxygen atom, which interact withgample surface). Then the carrier is
reduced by fuel in the CLC or CLDR process anaé&ly for subsequent decomposition of
CO, molecules. These could be molecules formed after disproportionation reaction
because in the meantime CO is transformed into raagphological carbon form in the
Boudouard reaction and causes, @missions (two molecules of CO have been “used” to
produce one COmolecule).
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Fig. 4. Diagrams of: a) modified process of Cheinicgoping Combustion (the part of the diagram in
grey colour represents typical CLC process), b) iffemtl process of Chemical Looping Dry
Reforming (the part of the diagram in grey colowpresents typical CLDR process),
¢) conceptual process of Chemical Looping Carbdioisa

It should be emphasized that in the full cycle ,C&€nission is reduced by half.
Of course, this applies to molecules involved ia tbaction, and assumes 100 % efficiency
of the process. It should be added that the predembdel is only conceptual and has not
been studied in terms of calculations of the precefficiency, the reactor construction
requirements or economic calculation. Howeverhdwd be noted that the reaction of CO
disproportionation is possible even at a relatively temperature (300 °C). For example,
conducted for this article calculations with the ud the FactSage software (version 6.3)
have shown that at this temperature the disprapmation reaction of CO occurs
spontaneously at the presence of a Ni catalyst Wdlue is a few hundred degrees less than
the oxidation temperature of the majority of thesingopular oxygen carriers [2-4, 21] and
also the investigated Ni-TiCcarrier. One can imagine that the stream of gaspooducts
(mainly CO) of CQ contact with the carrier at 900 °C is forwarded tioe
disproportionation reactor where without the additii energy inputs for heating the
manufacturing of any required forms of carbon @lised. Then the presented idea, based
on appropriate materials and construction solutiseems to be feasible. Moreover,
combining the chemical looping combustion procsssi(arly to gasification or reforming)
with the process of carbon production in the gimesrphological variation should require
less energy input and cause lower,@missions than in the case of running both presess
separately. The combined process can be called ichebhooping Carbonisation Process.
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Summary and conclusion

In the manuscript TG, XRD and XPS investigationso ithanges in powdered
Sr(Ti,Cr)0; and TiGQ-Ni samples upon alternating contact with air andybiseous solution
have been described. Analogous measurements weredcaut by replacing the air by the
carbon dioxide. It has been demonstrated thatcyeli-ox processes are possible in both
cases. The satisfactory level of oxygen trans@dmdst 10 % in the case of oxidation in air
and nearly 5 % in C§ was obtained for Ti@Ni carriers. The possibility of the “looping”
process on the same carriers using both @@l air atmosphere as an oxidizing agent
allows us to enrich the concept of CLC and relapedcesses by proposing a cyclic
recirculation of the produced G®ack to the installation. The oxidizing of solidygen
carrier in a C@atmosphere is accompanied by CO emission fronplog. This toxic gas
could be transformed into a useful product in angmical process, like the production of
fuels in Fisher-Tropsch synthesis. However, it I gossible to combine the chemical
looping combustion/gasification/reforming processthwcarbon (with an appropriate
morphological form) manufacturing in the cyclic @3proportionation process. This could
also lead to a reduction in energy input and 10@@s emissions to the environment.
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