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h i g h l i g h t s
� Chemical looping cycles were carried out at ambient and high-pressure conditions.

� Full reduction conversion was achieved at 900 �C after 200 s of testing for a nickel ferrite with 12% wt Ni and 8.5% wt Fe.

� Total pressure showed a negative effect on reaction kinetics.

� No significant changes in the microstructure of the material were observed.
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Chemical looping represents a promising technology with various applications ranging

from clean power production to alternative syngas production. In this work, two oxygen

carriers with different Ni loadings (4.3% wt. and 12% wt.) and similar Fe loadings (9.9% wt.

and 8.5% wt.) are synthesized through a co-precipitation/impregnation route and tested in

two thermogravimetric analyzers. Firstly, the effect of temperature (700e900 �C) on the

oxygen transport capacity and reduction conversion of both materials is assessed at

ambient pressure (0.5 nl/min with 20% H2/N2). The influence of material loading is also

studied, and it is shown that higher Ni loadings provide a significant improvement in

material activity. A complete reduction conversion is achieved at 900 �C and ambient

pressure. At high pressure (10e20 bar), tests are carried out in a temperature range of 700

e850 �C. The effect of flow rate (2 nl/min to 6 nl/min with 50% H2/N2) is first assessed to

prevent external mass transfer limitations. Higher total pressures have a negative effect on

reduction kinetics, while higher Ni loadings demonstrate increased final reduction con-

version also at high pressure, reaching about 75% conversion after 20 min. The long-term

cyclability of the material is also investigated both at low (100 cycles) and high pressure (80

cycles) conditions and a conversion gain is observed throughout the cycles in both cases.

No changes in the material microstructure are observed after 80 high-pressure cycles.
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licenses/by/4.0/).
* Corresponding author.
E-mail address: f.gallucci@tue.nl (F. Gallucci).
vier Ltd on behalf of Hydroge

/).
n Energy Publications LLC. This is an open access article under the CC BY

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:f.gallucci@tue.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2023.09.235&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2023.09.235
https://doi.org/10.1016/j.ijhydene.2023.09.235
https://doi.org/10.1016/j.ijhydene.2023.09.235
http://creativecommons.org/licenses/by/4.0/


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 9 ( 2 0 2 4 ) 1 3 0 4e1 3 1 7 1305
1. Introduction

Chemical looping represents a promising technology due to its

numerous fields of application and its inherent CO2 separation

properties. In chemical looping combustion (CLC) a metal

oxide (MexOy/MeO), also known as an oxygen carrier, un-

dergoes two subsequent reaction steps: reduction and oxida-

tion. In the fuel reactor, themetal oxide is reduced by reacting

with a fuel, either solid (solid carbon or biomass) or gaseous

(methane, syngas, or other hydrocarbons), while in the air

reactor, the reduced material is oxidized by reaction with air

[1]. The output gases from the fuel reactor are CO2 and H2O,

which facilitate the capture and subsequent storage of high-

purity CO2 after water condensation, while depleted air is

the output of the air reactor. One of the most valuable prop-

erties of chemical looping is the intrinsic separation of CO2

and N2 from fuel combustion gases, allowing clean power

production by integration with CO2 storage. In this way, the

cost, and the energy penalty (at least 8%e12% thermal effi-

ciency reduction [2]) associated with the retrofitting of tradi-

tional power plants with CO2 capture and storage units is

avoided. The most widespread configuration for chemical

looping cycle operation is the interconnected fluidized beds,

where the oxygen carrier circulates between the fuel and the

air reactor, while the high enthalpy gas stream from the air

reactor is utilized for power production in a turbine group and/

or steam generation. Other configurations such asmoving bed

and packed bed reactors have also been extensively analyzed

in the literature and are more suitable for high-pressure op-

erations. In fact, to be competitive with current power plants,

chemical looping plants need to be operated at high temper-

atures (above 800 �C) and pressure conditions (about 20 bar).

Thermodynamic analysis has indicated that by coupling

pressurized chemical looping combustion with a combined

cycle fed with natural gas, the thermal efficiency can reach

values between 52% and 55% [3,4] when high temperatures

and pressures are enforced.

A key issue for the development of the chemical looping

technology is the selection of an oxygen carrier with suitable

properties. The oxygen carrier must accomplish several

characteristics such as sufficient oxygen transport capacity,

high reactivity for reduction and oxidation reactions, mini-

mum solids inventory in the reactors, stability over many

successive redox cycles, negligible carbon deposition (that

would release CO2 in the air reactor reducing the CO2 capture

efficiency), environmentally friendly characteristics, low cost

and large availability [5,6]. There are more than 900 different

materials based on iron, nickel, copper, manganese, as well as

other mixed oxides and low-cost materials that have been

investigated as potential oxygen carrier materials for chemi-

cal looping applications [7].

Nickel-based oxygen carriers have been the most exten-

sively analyzed in the literature [8], due to their very high

reactivity, good performance working at high temperatures

and low attrition rates. Iron-based oxygen carriers are another

attractive option for chemical looping due to their low cost,

large availability and environmental compatibility [9].

Regarding Fe-based oxygen-carriers, different oxidation states

can be foundwhen Fe2O3 is reduced (Fe3O4, FeO or Fe) and thus
flexibility for different chemical looping applications is

ensured, such as chemical looping combustion, reforming or

H2 production However, iron oxides suffer from agglomera-

tion and sintering when operated at high temperatures and

require support with other materials to be competitive for

chemical looping applications [10]. Themost common support

materials are Al2O3 [11,12], monoclinic ZrO2, partially stabi-

lized tetragonal zirconia (t-PSZ), yttria-stabilized cubic zirco-

nia (c-YSZ), titanium dioxide (TiO2), manganese oxide,

bentonite, and their mixtures [13]. Adanez et al. [14] analyzed

240 samples of Cu, Fe, Mn and Ni oxides under reduction and

oxidation cycles to assess the optimal active phase content,

sintering temperature and support material among Al2O3,

sepiolite, SiO2, TiO2 and ZrO2. The use of alumina-based

compounds as support material has been extensively inves-

tigated in the literature, due to their benefits in terms of long-

term stability of the oxygen carrier. Most of the oxygen car-

riers supported on Al2O3 compounds show very high reactivity

with all fuel gases, no agglomeration problems, low attrition

rates during operation in fluidized beds and avoidance of

carbon deposition at CLC conditions [15]. Nevertheless, Al2O3

can interact with the active phase of the oxygen carrier, such

as Fe2O3, and form spinel structures that change the particle

reactivity. In chemical looping hydrogen production, the for-

mation of FeAl2O4 (hercynite) is indicated as the reason for

oxygen carrier deactivation, because it is inert to the steam

iron-reaction. A third step with air oxidation or a low mass

loading (few percentage) of Al2O3 is suggested as possible so-

lution for the regeneration of Fe2O3 and Al2O3 from the her-

cynite structure [16e19]. On the contrary, Ni/Al2O3 and NiO/

NiAl2O4 oxygen carriers have proved high reactivity in

chemical looping combustion of gas fuels (CH4, CO and H2), as

well as good chemical, mechanical and reactive stability [20].

The formation of NiAl2O4 by the interaction of free NiO with

the Al2O3 support is however responsible for a decrease in the

oxygen carrier reactivity. Dueso et al. [21] showed that irre-

spective of the final solid conversion in the reduction of NiO/

Al2O3, 80% of the reacted oxygen carrier is regenerated to free

NiO and the rest to less reactive NiAl2O4.

In order to limit the drawbacks associated with iron oxides

as oxygen carriers, an increasing number of studies have

focused on combined or mixed-metal oxides. In Ref. [22],

bimetallic FeeNi compounds with Al2O3 and CeO2 support

were compared with iron and nickel oxides by Bhavsar et al.

Increased stability and higher selectivity towards fuel oxida-

tion were observed for the bimetallic compound compared to

a simple supported iron oxide, similar to the observations by

Kuo et al. [23]. Increased reactivity when a reactive support

(CeO2) is present was also highlighted. Evdou et al. [24],

compared the performance of different ferrites incorporating

Mn, Ni, Zn, Co and Cu. Cu ferrite showed the highest reactivity

towardsmethane and good stability, Ni and Zn presented high

reactivity but fast deactivation after few cycles due to sinter-

ing (Ni/Fe) or phase decomposition (Zn/Fe), while Co pre-

sented the best stability configurating as a promising active

support. In Refs. [25,26], due to the catalytic effect of metallic

Ni, the bimetallic FeeNi oxygen carrier provided improved

gasification efficiency compared to Fe2O3/Al2O3. On the same

line, Wei et al. [27] compared four different ferrites (Ba, Ni, Cu

and Co ferrites) for chemical looping gasification of biomass in

https://doi.org/10.1016/j.ijhydene.2023.09.235
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a fixed-bed reactor. Though all four ferrites showed improved

gasification performance with respect to an inert bed, Ba

ferrite provided the highest syngas yield and H2 content from

biomass gasification aswell as good tar cracking performance.

Finally, Wang et al. [28] compared Ni, Cu and Co ferrite for

chemical looping combustion of pine sawdust. All three fer-

rites provided high values of carbon conversion and carbon

capture efficiency (around 95%), though after five cycles only

Cu and Co ferrites kept stable values. On the contrary, Ni

ferrite provided higher catalytic activity for tar cracking and

reforming at every tested temperature.

Iron and nickel-based oxygen carriers have also been

extensively studied in the literature for chemical looping

reforming processes [29e31]. Compared to the traditional

reforming processes, the most immediate advantages of

chemical looping reforming are the absence of the air separa-

tion unit for pure oxygen production (necessary for the auto-

thermal reforming) and the intrinsic CO2 separation. Ortiz et al.

[32] investigated the catalytic activity of two Ni-based oxygen

carriers for both the steam methane reforming and the water

gas shift reactions and showed that the activity increases with

the reduction conversion of the oxygen carrier. Comparison

with conventional catalysts indicated a lower catalytic activity

of the oxygen carriers. Huang et al. [33]. Comparednickel oxides

(NiO, mixed NiO and Fe2O3, NiFe) and iron oxides (Fe2O3) for

chemical looping dry reforming applications. The process

encompassed three steps: reduction with methane and oxida-

tion with CO2 and then air. Nickel ferrite proved to better

dissociate CO2 in the first oxidation step due to its spinel

structure, while metallic nickel did not show any oxidizability

with CO2. Antzara et al. [34] analyzed the effect of different

supports (ZrO2, TiO2, SiO2, Al2O3) on NiO in terms of CH4 con-

version and long-term stability both as conventional catalysts

and in chemical looping reforming. SiO2 and TiO2 supports lead

to poor performances (low activity and fast deactivation) as

conventional catalysts. The other supported materials (Al2O3

and ZrO2) were tested for chemical looping reforming and ZrO2

resulted to have the best stability after 20 cycles (less than 2%

decrease in the activity) as well as a competitive methane

conversion.

1.1. High-pressure chemical looping

High-pressure operation represents an important condition for

industrial scale-up of chemical looping [35]: in chemical looping

combustion high-pressures are mandatory to better exploit the

enthalpic content of the off-gases for power generation in a

combined cycle power plant rather than a Rankine cycle power

plant; in chemical looping reforming, high-pressure facilitates

the downstream processing of syngas to liquid fuels [36], such

as methanol [37], ammonia [38], kerosene [39] etc., thus

reducing the total equipment cost and the carbon footprint of

the process. High pressure operation also impacts the process

design of the reactors; e.g. in fluidized bed reactors high pres-

sure leads to smaller and more frequent bubble formation,

lower minimum fluidization velocities and terminal velocities

(easier elutriation) [40]. Furthermore, a change in kinetics at

high-pressure influences the choice of the optimal thermody-

namic conditions and of reactor geometry to achieve the

desired solid conversion and products composition.
Several works in the literature present data on high-

pressure chemical looping cycles. In Ref. [41], a comparative

analysis between chemical looping coal combustion in fixed

bed and fluidized bed configurations was carried out at high

pressure conditions by Zhang et al. The results indicated that

up to 0.5 MPa total pressure has a beneficial impact on gasi-

fication while the opposite holds for higher values in both

cases. However, the fixed bed configuration showed enhanced

carbon conversion and CO2 production, but with a higher risk

of agglomeration and sintering over long-term operation.

Gallucci et al. [42] tested ilmenite in a pressurized 10 kW

packed bed reactor for the chemical looping combustion of

syngas. The setup reached a steady state operation after about

three cycles and the effect of syngas composition and total

pressure (maximum 6 bar) was discussed. A model was also

developed and validated for the description of the experi-

mental results. Argyris et al. [29] investigated methane

chemical looping reforming with NiO/CaAl2O4 as the oxygen

carrier in a lab scale reactor under different temperatures

(400e900 �C), pressures (1e5 bar) and flowrates (10e40 NL/

min). Full autothermal operation was demonstrated along

with >99% CH4 conversion. Hamers et al. [43] reported

experimental evidence on the reactivity of CuO/Al2O3 and

NiO/CaAl2O4 for chemical looping combustion under high

pressure conditions. The effect of pressure was shown to be

detrimental for reaction kinetics while different reducing gas

molar fractions provided different reduction behavior, likely

due to a competitive adsorption mechanism. Garcia-Labiano

[44] tested the reactivity of Cu, Fe and Ni-based oxygen car-

riers for chemical looping at 450e900 �C and 1e30 bar and

provided an expression for the reaction kinetics at high

pressure. The negative effect on reaction kinetics from pres-

surized operation was confirmed also in this work. The reac-

tivity of ilmenite ore over chemical looping combustion cycles

with CO as fuel was investigated by Lu et al. in Ref. [45].

Increasing temperature and CO partial pressure resulted in an

increase in reduction rate while increasing total pressure had

the reverse effect. Similar results formethane fueled chemical

looping combustion of ilmenite ore are reported by Tan et al.

in Ref. [46]. On the oxidation side, Rana et al. analyzed the high

pressure oxidation kinetics (with O2) of ilmenite ore and

confirmed the negative effect of total pressure, while constant

O2 volume fraction had a positive impact on kinetics up to a

certain threshold. However, cracks formation was detected at

high O2 partial pressures. Finally, chemical looping combus-

tion of methane and synthesis gas was investigated on Ni and

Cu oxygen carriers at high pressure conditions (1e10 bar) by

Nordness et al. [47]. Carbon deposition was observed to be

promoted by pressure and the total pressure hindered the

reduction rate. In contrast with the presented works, San Pio

et al. [48] carried out high pressure chemical looping cycles of

CuO/Al2O3 and demonstrated that total pressure does not

impact conversion kinetics nor the morphological and

chemical structure of the oxygen carrier. The previous results

were thus justified by suggesting the presence of mass

transfer limitations in the setups.

In this work, a set of tests was carried out over a chemical

looping process at ambient pressure to analyze NiFe oxygen

carriers properties regarding oxygen transport ability and how

parameters such as nickel content or temperature can affect

https://doi.org/10.1016/j.ijhydene.2023.09.235
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Table 1 e Composition of the two synthesized NiFe
aluminates from ICP-OES.

Batch Ni Fe Al

1 4.3% 9.9% 41%

2 12% 8.5% 36%
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them. This is an interesting aspect of the applications that

these materials can have in different processes such as

reforming and subsequent H2 production. Additionally, the

materials were extensively tested in high pressure chemical

looping cycles to provide useful data, currently missing in the

literature, on the effect of high pressure operation on reac-

tivity and possibly support future scale-up of the technology

to the industrial level. The effect of different operating con-

ditions, such as temperature, reducing gas composition, total

pressure, and oxygen carrier material loading was presented

and discussed. In both low and high-pressure tests, only the

redox behavior of the oxygen carriers has been considered.

Finally, long-term stability tests were also carried out to

assess the activity change over many cycles. The materials

were characterized by several techniques (Inductively

Coupled Plasma Spectrometry, X-Ray Diffraction, Tempera-

ture Programmed Reduction, Scanning Electron Microscopy,

Energy Dispersive X-Ray Analysis) and comparison was made

between the fresh and spent material samples.
2. Material and method

2.1. Material synthesis and characterization

Materials with approximately 10%wt. Fe and with two

different Ni loadings of 5%wt. and 12%wt. have been synthe-

sized through a co-precipitation/impregnation route. The co-

precipitation protocol started by preparing a solution

combining 0.3 M aluminium nitrate and 1.5 M iron nitrate

stocks to the desired proportion. Under vigorous stirring a 2 M

sodium carbonate solution was added dropwise in a 30%

volume excess over stoichiometric value to ensure proper

precipitation. The pH was adjusted to 9 followed by a 2-h

ageing period at room temperature. After the incubation

period, the solution was filtered and washed to remove so-

dium traces. The material was then dried overnight and

grounded (100e200 mm). The next step was calcination in a

furnace to obtain oxides (at 1000 �C for 4 h with a 10 �C/min

heating ramp). For the impregnation method, the co-

precipitated materials were used as a support and loaded

with nickel. 5 g of support was mixed with a nickel nitrate

solution and stirred at room temperature until it turned into

slurry, then dried and finally calcined at 875 �C for two hours

with a 10 �C/min ramp. Before and after testing, the materials

were characterized through diverse techniques to determine

the quality of the synthesis and their functionality. Induc-

tively Coupled Plasma (ICP-OES, with an ICP-OES Xpectroblue-

EOP FMT 26 spectrophotometer) served to corroborate the

amount of Fe and Ni present in them. Characterization results

are compiled in Table 1, which contains the amount of Ni, Fe

and Al in the materials. X-Ray diffraction (XRD) analysis was

performed on both the oxidized and reducedmaterial states to

assess the material phases evolution over the chemical loop-

ing cycles. The oxidized materials were ‘as produced’, while

the other ones were reduced in a H2/N2 atmosphere in the two

setups. Material reducibility was assessed through Tempera-

ture Programmed Reduction tests (TPR, AutoChem II 2920

from Micromeritics) that consisted in heating up the sample

with a relatively low heating ramp (10 �C/min) in a 10% vol. H2
in an Ar stream from room temperature up to 950 �C while

measuring H2 consumption. Finally, the morphology evolu-

tion and the fresh material homogeneity were investigated

through Scanning Electron Microscopy (SEM) and Energy

Dispersive X-Ray (EDX) scans.

2.2. Calculation method

The reaction performance of the materials was assessed by

calculating the oxygen transport capacity (OTC) and the

reduction conversion from the observed mass change in the

two thermogravimetric analyzer (TGA) setups. The oxygen

transport capacity represents the fraction of oxygen in the

fresh material that is extracted by the gases and it was

calculated according to Eq. (1).

OTC¼mO2

mox
¼ mox �mðtÞ

mox
(1)

Where:

� m(t) is the net sample mass at time t;

� mox is the net samplemass at the end of the oxidation step;

All data are corrected by the blank test before performing

any calculations.

The instantaneous oxygen carrier reduction conversion

XðtÞ is useful to assess the reduction kinetics of the materials

under different operating conditions and it was computed

according to Eq. (2)

XðtÞ¼mox �mðtÞ
mox �mred

(2)

Where mred is the completely reduced sample mass (calcu-

lated with stoichiometry from mox).

2.3. Ambient pressure TGA setup

For ambient pressure tests, a thermogravimetric analyzer

(TGA-CI Electronics Ltd.) was used to determine the materials

chemical and mechanical stability under oxidizing and

reducing conditions. This equipment consists of two

concentrically arranged quartz tubes located inside a furnace.

Each sample was introduced in a platinum basket placed at

the bottom of this device. The apparatus is equipped with gas

mass flow controllers that allow feeding H2, CO, CH4, O2 and

N2. A thermocouple is located at the bottom of the setup for

optimal temperature regulation. More details on the setup

geometry can be found in Ref. [49]. In this TGA, 25 mg of ma-

terial are manually loaded in a platinum crucible. The chem-

ical looping cycles consisted of a 7 min reduction stage in a

20% H2/N2 atmosphere and a 5 min oxidation stage in 20% O2/

N2. Intermediate purge of 1 min with N2 was carried out to

https://doi.org/10.1016/j.ijhydene.2023.09.235
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prevent reactive gasesmixing, while continuous flushingwith

N2was provided in the balance head to prevent the gases from

entering it.

2.4. High-pressure TGA setup

For high-pressure chemical looping tests, a high-pressure

thermogravimetric analyzer (HP-TGA) was used. A sche-

matic layout of the setup is provided in Fig. 1. It consists of

mass flow controllers for the reacting gases, awater vaporizer,

a backpressure controller, pressure and temperature sensors

and a microbalance (model MK2-5 M from CI-Precision). The

microbalance has a sensitivity of 0:1 mg, a maximum capacity

of 5 g and þ/� 500 mg operating range. The setup can operate

at pressures and temperatures up to 30 bar and 1100 �C,
respectively. Air, CO, CO2, CH4, H2O, H2, N2 are the available

gases for testing. The balance is connected to a porous basket

made of alumina (40 mm pores) through an Ir wire. A robotic

lift is used to bring the basket outside the reactor to load it

with the sample. The temperature in the reactor is controlled

using a thermocouple positioned close to the sample to ensure

stable conditions, while the temperature of the balance head

is kept constant and is continuously purged with N2 as a

protection measure.

Prior to the test, the oxygen carrier is loaded into the bas-

ket. The sample weight used for the experiments is about

30 mg. After loading the sample, the basket is inserted in the

reactor by the robotic lift and then the desired temperature

and pressure conditions are imposed. Before testing the ma-

terial at the desired conditions, preliminary activation cycles

with reduction and oxidation steps are carried out. The

reduction step (20 min) involves H2/N2, while the oxidation
Fig. 1 e P&ID of the experimen
step (20 min) is carried out with 100% air. Between each re-

action segment 100% N2 is purged for 2 min to avoid reactant

mixing. To ensure the reliability of the results, each chemical

looping cycle is repeated at least 3 times and the data from the

last cycle are used for post processing. The authors decided to

focus more on the redox properties of the material and on the

different behaviour at ambient and high-pressure conditions

rather than on the reducing gas composition. Also, the pres-

ence of CO in the reducing gas mixture caused in many cases

carbon deposition, especially at high-pressure. The tests were

mainly performed at a total pressure of 20 bar, which is typical

for chemical looping applications [50]. Blank tests were per-

formed under the same operating conditions to remove the

effect of buoyancy on the basket due to the changes in the feed

gases and reactor temperature [51].
3. Results and discussion

3.1. Ambient pressure chemical looping tests

The two NiFe aluminates were subjected to reduction/oxida-

tion cycles under isothermal conditions to determine their

oxygen transport capacity and reduction conversion along

multiple reaction cycles in a range of temperatures between

700 and 900 �C with 0.5 NL/min total flow rate. This set of ex-

periments carried out at ambient pressure focused on the ef-

fect of temperature along the redox cycles. Up to 20 cycleswere

performed for each temperature to assess how oxygen trans-

port capacity evolved in each material. As shown in Fig. 2 (a)

and (b), the OTC behavior along the cycles is dependent on the

temperature. At 720 �C the OTC decreases with the cycles and
tal apparatus for HP-TGA.
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after the 5th cycle reaches stability. Similarly, at 820 �C the OTC

increases and then from the 10th cycle it presents a plateau.

On the contrary, for higher temperature values the OTC shows

an increasing trend with the cycles. As expected, batch 2

(which has a higher amount of Ni) presented higher OTC

values compared to batch 1. For example, at 900 �C the OTC of

batch 2 NiFe aluminate is about twice the value of batch 1.

In Fig. 2 (c) and (d), the evolution of reduction conversion

with time is represented and compared at different temper-

ature levels. Only the results for cycle 20 are displayed since

the materials present a more stable OTC at that point. For

batch 1 material, reduction conversion was around 19% at

720 �C increasing up to 67% at the highest temperature tested.

In batch 2, the temperature is still crucial in reduction phase

but reduction conversion values ranged from 35% at 700 �C to

full (100%) conversion at 900 �C. In this last case, full conver-

sion is achieved in less than 200 s. The effect of temperature is

thusmore significant on batch 2material compared to batch 1.

The stronger interaction of Ni and Fe with the Al2O3 support

for the material with lower Ni content could be responsible of

this behavior. The absence of NiO species shown in XRD and

TPR (see the material characterization section) corroborate

the TGA results.

3.2. High-pressure chemical looping tests

Before investigating the high-pressure redox behavior of the

NiFe aluminates, the HP-TGA setup was validated with a
Fig. 2 e Oxygen transport capacity along reduction-oxidation cy

temperatures from batch 1 (a and c) and batch 2 (b and d).
12.5 wt% CuO/Al2O3 powder (1.1 mm diameter provided by

Sigma Aldrich) at 800 �C and the results were compared with

literature data [48]. Two tests were carried out at 6 bar, 3 NL/

min and 4 NL/min total flow rate and 50% H2/N2 mixture. The

plots of Figs. S1 and S2 of the Supplementary Material show a

good agreement and ensure the safe and good operation of the

HP-TGA. In the 4 NL/min comparison a larger deviation from

literature data is observed, though it is expected that reduc-

tion conversion would constantly increase with time

throughout the test.

In the following high-pressure experimental campaign,

batch 1 NiFe aluminate was tested under different operating

conditions i.e., flow rate, temperature, gas composition and

pressure, to assess the influence of these parameters on

reduction conversion at high pressure. A comparison with

batch 2 material conversion under specific conditions was

also carried out. Subsequently, the long-term stability of batch

2 material was investigated throughout 80 high-pressure cy-

cles and compared with the results for 100 cycles at ambient

pressure conditions.

3.2.1. High-pressure reactivity of the NiFe aluminates
The measurements were carried out at 800 �C, 20 bar and four

flow rates of 2 NL/min, 4 NL/min, 6 NL/min and 8 NL/min (50%

H2/N2) on batch 1NiFe aluminate, and the results for reduction

conversion are plotted in Fig. 3. At 2 NL/min, the system pre-

sents mass transfer limitations causing initially a slower re-

action rate and a lower total conversion at the end of the test.
cles and reduction conversion at cycle 20 at different
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Fig. 3 e Reduction conversion of batch 1 NiFe aluminate at

20 bar, 800 �C and different flow rates.

Fig. 5 e Reduction conversion of batch 1 NiFe aluminate at

20 bar, 800 �C, 6 NL/min and different H2/N2 mixtures.
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On the contrary, almost the same initial reaction rate is

observed for flow rates larger or equal than 4 NL/min with a

similar final conversion of about 67%. This indicates that from

4 NL/min the system is not mass transfer limited.

The influence of temperature on batch 1material reduction

was then assessed. Tests were carried out at 6 NL/min, 20 bar

and four temperature levels. A 50% H2/N2 reducing gas

mixture was used in all tests. As it was described for material

testing at atmospheric pressure, reducing temperature im-

pacts in a significant way on final conversion as given in Fig. 4.

The final conversion at 700 �C amounts to about 38% and is

significantly lower compared to the other temperatures. At

750 �C, the reaction rate increases and a final conversion of

about 61% is achieved. Above 800 �C, a similar final reduction

conversion is reached, and the initial reduction rate increases

with temperature.

The effect of the reducing gas composition on batch 1

reduction was assessed by using different mixtures of N2 and

H2. Tests were carried out at 20 bar, 800 �C, 6 NL/min and three

H2/N2 mixtures containing 25%, 50% and 75% H2. The results

are plotted in Fig. 5. Since a constant total pressure of 20 bar
Fig. 4 e Reduction conversion of batch 1 NiFe aluminate at

20 bar, 800 �C, 6 NL/min and different temperature levels.
was imposed, different H2 percentages in the mixtures

correspond to different H2 partial pressures in the reactor. For

this reason, when the H2 content was 25% H2, a slower reac-

tion rate and a lower final conversion were achieved. A still

increasing trend is observed at the end of the 25% H2 test,

meaning that the conversion was proceeding still. For the

other compositions a similar final conversion was achieved

but with a faster kinetics for higher H2 contents, as expected.

The effect of total pressure was investigated by fixing the

hydrogen partial pressure pH2 ¼ 10 bar while changing the

total pressure in the system. The reduction conversion trends

at 10, 15 and 20 bar are plotted in Fig. 6. The presence of a

certain noise level in the 10 bar trend is associated with the

utilization of pure H2 (pH2 ¼ 10 bar), for which the back pres-

sure controller has difficulties in maintaining stable pres-

sures. By comparing the plots, lower total pressure levels

enhance the reaction rate and then approximately the same

final conversion was achieved for the three cases. This con-

firms the negative effect of pressure on reduction kinetics, as

detected in other literature works [43e47]. Several explana-

tions have been provided to justify this phenomenon, mainly

focusing on the slower products diffusion when leaving the

particle surface, which then makes it more difficult for the

fresh reactants to reach the active sites.

To further corroborate this observation, another test was

carried out at 6 NL/min, 800 �C and 50% H2/N2 mixture with

different total pressures in the system i.e., different H2 partial

pressures in the reactor. The results are plotted in Fig. 7. In

these conditions, the negative effect of the total pressure is

counterbalanced by the positive effect of higher partial pres-

sures in the system. Hence, at 25 bar a slower initial reaction

kinetics is observed compared to the 15 bar case, while com-

parable final conversions are achieved at the end of the test.

The 20 bar plot shows a slightly better reduction rate along the

whole 20 min reduction.

A comparison with batch 2 NiFe aluminate was carried out

to see the effect of higher Ni loadings on reduction conversion.

As can be seen in Fig. 8 thematerial shows a similar reduction

behavior to that of batch 1 NiFe aluminate, which is
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Fig. 6 e Reduction conversion of batch 1 NiFe aluminate at

800 �C, 6 NL/min, pH2 ¼ 10 bar and different total pressures.

Fig. 8 e Reduction conversion of batch 2 NiFe aluminate at

20 bar, 800 �C, 6 NL/min and different H2/N2 mixtures.
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represented in the detail of Fig. 8 for comparison. Increasing

H2 contents in the mixture, the reaction kinetics is enhanced.

About the same final conversion (75%) is achieved for the 50%

and 75%H2 mixtures, while for the 25%H2 case the conversion

is generally lower throughout the test, but still increasing at

the end of the test (about 72%). As already observed in Fig. 2 at

ambient pressure, also at 20 bar a larger Ni content improves

the reduction kinetics.

3.2.2. Long-term stability
The long-terms stability of the materials is an important

aspect to be considered for scale up of the chemical looping

technology. Two sets of runs were performed for ambient and

high-pressure conditions on batch 2 NiFe aluminate, which

has proved better reaction performance.

At ambient pressure, the long-term stability was assessed

by performing approximately 100 redox cycles at 900 �C
following the same conditions previously described. Fig. 9

shows that reduction conversion was not complete in the

first cycles, but it improved later until it reaches (after cycle n.
Fig. 7 e Reduction conversion of batch 1 NiFe aluminate at

three total pressures, 800 �C, 6 NL/min and 50% H2/N2.
40) a stable full conversion. These results were consistent with

the increase of OTC shown in Fig. 2 when the material was

submitted to consecutive cycles. However, the effect on the

reduction conversion curve in early moments of the reaction

(see 20 s detail in Fig. 9) was the opposite, i.e. the reaction was

slightly slower in later cycles compared with the first ones but

the decrease was quite low between cycle 40 and 70 and stable

after that point.

The reduction conversion trend throughout 80 chemical

looping cycles at 20 bar was plotted in Fig. 10. The detail in

Fig. 10 shows that after the first redox cycle, the initial slope of

the reduction curve decreases over the cycles. On the con-

trary, the reduction conversion increases steadily until the

60th cycle. This “activation” phenomenon was also observed

in other works on chemical looping with perovskites [52,53]

and could be associated with an increase in specific surface

area/porosity of the oxygen carrier as well as a change in the

active phase after each oxidation step i.e. the aluminates are

not regenerated.

3.2.3. Material characterization
Fresh materials reducibility was assessed through TPR tests.

As shown in Fig. 11, the materials present an important con-

sumption peak between 730 �C and 830 �C. There is also a H2

consumption peak at lower temperatures (around 400 �C) that
is more evident for the material with higher Ni loadings. This

consumption peak is typical for the reduction of NiO with low

interaction with the support [54]. In general, it has been

observed that materials with lower Ni load present a higher

interaction with the support or higher presence of NiAl2O4

that reduces at higher temperatures. This observation was

confirmed by TPR and XRD tests.

The fresh materials from batch 1 and 2 have been charac-

terised through SEM-EDX (Hitachi S-3400-N) at crosscut to

assess the dispersion of Fe and Ni within the particles. The

results, including the EDX line-scan data, are shown in Fig. 12.

For batch 1 material, the Fe content is about twice the Ni

content, as corroborated by ICP results previously discussed

and shown in Table 1. On the contrary, for batch 2 the Fe and
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Fig. 9 e Reduction conversion of batch 2 NiFe aluminate at 900 �C and ambient pressure along multiple redox cycles.
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Ni loadings are similar. All elements show homogeneous

distribution within the particle, indicating that the support

impregnation was successfully achieved.

SEM pictures (Thermo Scientific Phenom ProX) of the fresh

batch 2material and reduced after the 80 high-pressure cycles

are compared in Fig. 13. In general, the microstructure of the

spent material does not display particular signs of stress in

terms of increased cracks or voids formation compared to the

fresh material. The presence of voids and cracks has been
Fig. 10 e Reduction conversion of batch 2 NiFe alu
detected also in the fresh material and is probably associated

with material synthesis and subsequent handling. Moreover,

the particle size after reduction is almost preserved compared

to the oxidized state.

The XRD (Bruker D-8 Advance) patterns of the fresh and the

reduced materials at ambient pressure conditions are dis-

played in Fig. 14.

In both oxidized materials, the presence of Fe and Ni in

aluminate form was appreciated, but in batch 2 (with a higher
minate at 20 bar along multiple redox cycles.
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Fig. 11 e TPR data showing H2 consumption up to 950 �C for

materials from batch 1 and 2.
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Ni content) NiOwas also present as a Ni species. As the oxygen

carriers have been submitted to a reduction atmosphere, peaks

corresponding to an iron-nickel phase appeared. XRD patterns

corresponding to the materials reduced at 820 �C and

900e920 �C showed the dependence of the reduction reaction

with temperature. Samples reduced at the lowest temperature
Fig. 12 e SEM images and EDX analysis with line-s
still have FeAl2O4 and NiAl2O4 peaks and FeeNi peaks of low

intensity, while in samples reduced at high temperature the

peaks corresponding to aluminates disappear and more

intense FeeNi peaks are present. This confirms that under high

temperature conditions the material was completely reduced,

while only partial reduction took place at lower temperatures.

The XRD patterns (Rigaku MiniFlex) of the fresh and

reducedmaterial after long term tests (30 and 80 cycles) and at

different pressure conditions (15 and 20 bar) are displayed in

Fig. 15. In both cases, complete reduction conversion was not

achieved. This is confirmed by the presence of aluminate

phases peaks in all the reducedmaterial patterns. As observed

in by San Pio et al. in Ref. [55], the incomplete conversion could

be attributed to the slower reaction kinetics of the aluminates

compared to the Ni and Fe reduction or to the formation of

other spinel structures. These patterns present a similar

structure with three FeeNi peaks (around 44�, 52� and 76�).
From the fresh material pattern, the oxidized phase peaks at

31� and 59� reduce in intensity, while the shoulder at 37� and
the peaks at 56�, 66� disappear. No significant differences can

be observed between the cycles n.30 and n. 80 of the reduced

material patterns, as well as between 15 and 20 bar patterns.

Therefore, the reaction pathway does not change either with

pressure or along multiple cycles.
can information for batch 1 (a) and batch 2 (b).
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Fig. 13 e SEM pictures of fresh batch 2 NiFe aluminate (a) and reduced batch 2 after 80 high-pressure cycles (b).

Fig. 14 e XRD patterns of batch 1 (a) and batch 2 (b) both fresh (oxidized) and reduced in H2/N2 at 820 �C and 900 �C or 920 �C.

Fig. 15 e XRD patterns of batch 2 material fresh, reduced after 30 cycles (a) and 80 cycles (b) at 20 bar fresh, reduced at 15 bar

and 20 bar with pH2 ¼ 10 bar.
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4. Conclusions

In this work, chemical looping cycles were carried out with

two different setups to assess and compare the reduction
behavior of two NiFe aluminates (batch 1 and 2) at ambient

and high-pressure conditions. At ambient pressure condi-

tions, the effect of different temperature levels on the oxygen

transport capacity and on the reduction conversion of both

materials was assessed. Each condition was tested for 20
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reduction/oxidation cycles. It was shown that the oxygen

transport capacity increases with the cycles for temperatures

above 800 �C and that higher Ni loadings provide better reac-

tion performances. Full reduction conversion was achieved at

900 �C after 200 s of testing for loadings of 12% wt Ni and 8.5%

wt Fe. At high-pressure conditions, the time variation of

reduction conversion of batch 1 material was assessed under

different operating conditions. The occurrence of external

mass transfer limitations at 20 bar was preliminarily studied

and prevented. In all tests, a general behavior was observed

where an initial fast kinetics is replaced by a plateau at high

conversions. Increasing temperatures as well as higher H2

contents demonstrated to improve the reaction kinetics and

to reach a conversion plateau earlier, though the final con-

version achieved was approximately the same from above

800 �C or above 50% H2 content. Moreover, the total pressure

showed a negative effect on reaction kinetics. Batch 2material

with higher Ni loading (12% wt) was tested under different H2

compositions. Increased final conversion (depending on the

specific condition) was observed when compared to the batch

1 material. Long-term testing at both ambient and high-

pressure conditions was then carried out over 100 and 80 cy-

cles, respectively. A reduction gain was observed throughout

the cycles and full conversion was achieved for batch 2 ma-

terial at 900 �C and ambient pressure after the 40th cycle.

Similar behavior was observed at 20 bars in terms of reduction

gain and initial kinetics. No significant changes in the micro-

structure of the material were observed and the comparison

between diffraction patterns of the reduced material after 30

and 80 cycles didn't show differences in the detected phases.

Therefore, it can be concluded that the support is able to

ensure the continuous operation of the material over many

cycles, while a higher Ni content in the spinel structure is

indicated for better reduction performance and high cycla-

bility in the process.
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Nomenclature

CLC Chemical Looping Combustion

c-YSZ Yttria-Stabilized Cubic Zirconia

EDX Energy Dispersive X-Ray

HP-TGA High-Pressure Thermogravimetric Analyzer

ICP Inductively Coupled Plasma

mox Net sample mass at the end of the oxidation step

after the basket signal removal
mred Completely reduced sample mass

mðtÞ Net sample mass at time t after the basket signal

removal

OTC Oxygen Transport Capacity

SEM Scanning Electron Microscopy

TGA Thermogravimetric Analyzer

TPR Temperature Programmed Reduction

t-PSZ Partially Stabilized Tetragonal Zirconia

XRD X-Ray Diffraction
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