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Abstract: Chemical looping combustion (CLC) is an advanced energy production technology 8 

that inherently separates the CO2 generated. The oxygen needed for fuel conversion is supplied 9 

by the oxygen carrier. When using copper-based oxygen carriers, oxygen carrier attrition is a 10 

challenge to the process economics, unless the attrited copper that is mixed with fuel ash in the 11 

spent material can be recovered by, for instance, acid leaching. However, fuel ash may transform 12 

the attrited copper into certain complexes of low leachability (e.g., CuAl2O4), hindering the 13 

copper recovery. In this study, the copper content in the spent material was first evaluated. The 14 

effects of ash composition and copper content on the occurrence mode of copper in spent 15 

material were predicted by thermodynamic modeling. Redox cycles of simulated spent materials 16 

based on various coal ashes were performed to reveal the characteristics of CuAl2O4/CuFe2O4 17 
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formation. The CuO-Al2O3 reaction was investigated under the temperatures and solid residence 1 

times experienced in CLC. The materials were analyzed by X-ray diffraction. The results suggest 2 

that the fuel ash with a high Al/Ca ratio may lower the recoverability of copper when the 3 

temperature is above 925°C. The slow formation of CuFe2O4 is not expected to affect the copper 4 

recovery. 5 

Keywords: Chemical looping; Ash; Recovery; Spent material; Thermodynamic modeling; 6 

Attrition. 7 

1. Introduction 8 

To lower the cost and energy penalty of carbon capture, chemical looping combustion (CLC) 9 

has been extensively studied [1–5]. CLC employs oxygen carriers to transfer the oxygen from 10 

the air to the fuel to avoid direct air/fuel contact. As a result, the CO2 generated from fuel 11 

combustion would be inherently separated from the N2 derived from air. As shown in Fig. 1, a 12 

CLC system builds on two interconnected reactors, including the air reactor (AR) and the fuel 13 

reactor (FR). The oxygen carrier (metal oxide, MexOy) circulates between the two reactors 14 

(typically fluidized-beds), receiving the oxygen from air in AR and delivering the oxygen to 15 

combust the fuel in FR. For the conversion of solid fuels, there are generally three types of 16 

oxygen carriers with different modes of oxygen supply. The oxygen carriers used in the iG-CLC 17 

process only provide lattice oxygen to oxidize the syngas derived from the in-situ gasification of 18 

solid fuels. Iron-based and calcium-based oxygen carriers fall under this category. On the other 19 

hand, the oxygen carriers for chemical looping with oxygen uncoupling (CLOU) are based on 20 

the metal oxides that can self-decompose and release gaseous oxygen at desired temperatures, 21 

e.g., CuO and Mn2O3. Besides, the oxygen carriers composed of both iG-CLC and CLOU 22 



 3

oxygen-carrying materials serve for chemical looping assisted by oxygen uncoupling (CLaOU), 1 

such as Fe-Mn bimetallic oxides. As pointed out by Adánez and Abad [6], to eliminate the 2 

oxygen demand required to burn off the volatiles/syngas escaping from FR, the use of pure 3 

CLOU oxygen carrier is a solution. Also, Stevens et al. [7] reported that the estimated net plant 4 

efficiency of CuO-based CLOU system (35.6%, HHV) is higher than that of Fe2O3-based CLC 5 

system (33.3%, HHV). Considering the capability of CuO to achieve high fuel conversion and 6 

high carbon capture efficiency with low solid inventory [8–12], this study is dedicated to copper-7 

based oxygen carriers.  8 

 9 

Fig. 1. Principle of CLC process for carbon capture. 10 

From the perspective of process economics, it is desirable to recover and recycle the copper 11 

leaving the reactors to minimize the cost of oxygen carrier makeup. Although ideally the 12 

inventory of oxygen carrier in the reactors should be constant to ensure high carbon capture 13 

efficiency, the loss of oxygen-carrying material through attrition/fragmentation and particle 14 

elutriation from the reactor outlets is inevitable. Therefore, oxygen carrier makeup is necessary. 15 

However, using fresh oxygen carrier to make up for the lost material may not be economically 16 

viable, especially for high-cost oxygen carriers such as copper-based ones for solid fuel 17 
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combustion. Even for the natural ore oxygen carriers that are much cheaper than copper-based 1 

oxygen carriers, the cost of oxygen carrier makeup without recovery and recycling could be 2 

substantial. For instance, according to Lyngfelt and Leckner [13], the makeup costs related to 3 

ilmenite (175 €/ton, lifetime=200 h) and manganese ore (225 €/ton, lifetime=100 h) were 4 

estimated to be around 2 €/ton CO2 and 5 €/ton CO2 avoided, respectively. In a more optimistic 5 

estimation, assuming 50% of the spent oxygen carrier is recovered and recycled, the oxygen 6 

carrier that costs 1500 €/ton with a lifetime of 1250 h would add 3.3 €/ton CO2 avoided [14]. 7 

When it comes to copper-based oxygen carriers, the fresh material is supposed to cost at least 8 

$6600/ton CuO in 2019 (raw copper ore) [15], a considerable increase over the price of 9 

$2900/ton CuO in 2006 when Abad et al. [16] performed the economic analysis. For 10 

commercially manufactured synthetic oxygen carriers, the price could be 1-2 orders of 11 

magnitude higher [17]. A more detailed analysis on the cost for the makeup of copper-based 12 

oxygen carrier using fresh material while burning Powder River Basin (PRB) sub-bituminous 13 

coal is presented in Fig. 2. The minimum cost of oxygen carrier (OC) makeup in this case can be 14 

expressed by 15 

�����,��� =
�
�,�
����

����
���
                                                                                                                  (1) 16 

where CCCOC, min is the minimum cost of OC makeup per ton of CO2 captured ($/ton CO2 17 

captured), COC, min is the minimum unit cost of fresh OC on the CuO-equivalent basis ($6600/ton 18 

CuO), SSI refers to the specific solid inventory (0.4 ton CuO/MWth [18]), SE is the specific 19 

emission of PRB coal (0.326 ton CO2/MWhth), ηCO2 is the assumed CO2 capture efficiency 20 

(98%), LT represents the average lifetime of the oxygen carrier, which is the key variable. It can 21 

be seen that to limit the cost of OC makeup with fresh material to below $10/ton CO2, the 22 

lifetime of OC must be longer than 800 h, i.e., the OC attrition rate has to be lower than 23 
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0.125%/h. However, according to the published works, it is difficult to guarantee the OC attrition 1 

rate is below 0.125%/h when combusting solid fuels at >900°C under chemical, mechanical, and 2 

thermal stresses. In Technische Universität Darmstadt’s 1 MWth CLC pilot plant, the attrition 3 

rates of ilmenite and iron ore were found to be 0.4-2.3%/h [19]. The 50 kWth CLC system at U.S. 4 

National Energy Technology Laboratory using CuO-Fe2O3 bimetallic oxygen carrier experienced 5 

an overall attrition rate of about 1%/h under autothermal conditions [20]. The attrition rate of 6 

hematite under high temperature and reacting conditions was measured to be 0.2-1.2%/h [21]. 7 

Nelson at el. [22] found that as the temperature increased from 895°C to 970°C, the attrition rate 8 

of ilmenite increased from 0.9%/h to 3.2%/h. For a bauxite cement-bonded Fe-based oxygen 9 

carrier, the mean attrition rate was 0.26%/h [23]. The attrition rate of MgO-kaolin-supported 10 

manganese ores were 2.2 %/h [24]. Of the five copper-based synthetic oxygen carriers tested in a 11 

500 Wth unit firing CH4 at 900°C, only two displayed attrition rates below 0.125%/h [25]. In 12 

summary, the option of OC makeup using the copper recovered from spent material deserves 13 

further attention.  14 
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Fig. 2. Minimum cost of OC makeup using fresh material for copper-based CLC. 2 

The main challenge of copper recycling for CLC lies in the separation of the attrited copper 3 

from the fuel ash. Although the copper exiting AR can be easily collected by the filtration device 4 

and then be reused, it was reported that the attrition rate of OC in FR was much higher than that 5 

in AR when burning natural gas, and 92.4 wt.% of the solids elutriated from FR were fines 6 

instead of large particles [20]. For the CLC firing solid fuels, the FR attrition rate is expected to 7 

be even higher due to the collisions between OC particles and fuel/ash particles along with 8 

higher solid inventory in FR. Therefore, the recovery and recycling should primarily target the 9 

copper escaping the FR cyclone, which is accompanied by the flue gas and fly ash. The 10 

downstream filtration device will collect this kind of copper together with the ash, forming the 11 

spent material to be discharged. One possible way to recover the copper mixed with ash is by 12 

acid leaching: copper oxides are supposed to be much more leachable than the ash components 13 

such as quartz, corundum, and aluminosilicates. In fact, acid leaching is a common method for 14 

the recovery of copper from the spent materials of other industries [26,27]. However, if the 15 

interaction between ash and attrited fines turns the copper into CuAl2O4/CuAlO2, the recovery of 16 
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copper will be hindered, as CuAl2O4/CuAlO2 are much less leachable than CuO/Cu2O [28]. As 1 

demonstrated in Fig. 3, there are three mechanisms by which the ash may influence the attrited 2 

copper. Mechanism 1: The ash particles capture the attrited fines, triggering the interaction. 3 

Mechanism 2: the attrited fines are received by the burning char, which will burn out and expose 4 

the ash/copper oxide mixture. Mechanism 3: the ash particles deposit on the surface of the 5 

oxygen carrier, which then undergoes attrition. Previous studies regarding the ash/CuO 6 

interaction mainly concerned the long-term impact of bottom ash on the redox reactivity and 7 

oxygen transport capacity of the CuO staying in the reactors, featuring high Cu concentrations in 8 

the ash/CuO mixtures and long interaction time [29–33]. It was found that the coal ashes with 9 

high Al/Ca and Fe/Ca ratios can form CuAl2O4 and CuFe2O4 with CuO [34,35]. Nevertheless, 10 

the content and occurrence mode of copper in the spent material, which are crucial to the 11 

recoverability of copper, remains unclear.  12 

 13 

Fig. 3. Potential mechanisms by which the fuel ash influences the attrited copper. 14 

The objective of this work is to demonstrate the influence of fuel ash on the recoverability of 15 

copper from the spent material. Based on mass balance calculation, thermodynamic modeling, 16 
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high-temperature experiments, and XRD analysis, the risk of fuel ash transforming the copper 1 

into the non-leachable form is systematically assessed in this work, which will facilitate the 2 

development of the copper recovery and recycling process, improving the economic 3 

competitiveness of copper-based CLC technology. 4 

2. Materials and methods  5 

2.1. Materials 6 

The simulated spent material was prepared by mixing CuO powder (Alfa Aesar, <74 μm) with 7 

fuel ash (<106 μm). To obtain representative fuel ashes, two types of pulverized coal were 8 

combusted, including Powder River Basin (PRB) sub-bituminous coal and Illinois #6 (IL6) 9 

bituminous coal. The proximate/ultimate analyses and ash compositions of PRB and IL6 are 10 

given in Table 1. The coal combustion was performed at 900°C in a muffle furnace under air for 11 

4 hours. The coal ash from air combustion should be equivalent to the coal ash from CLOU’s 12 

FR, as the overall gas atmospheres of CLOU’s FR and air combustion are both oxidizing so that 13 

the ash compounds are in oxidized state.  14 

Table 1. Proximate/ultimate analyses and ash compositions of the fuels.  15 

Coal Analysis (as received basis, wt.%) Ash Analysis (wt.%) 

  PRB IL6   PRB IL6 

C 56.17 64.67 Al2O3 15.20 17.66 

H 3.78 4.52 CaO 18.55 1.87 

N 0.80 1.12 Fe2O3 5.73 14.57 

S 0.25 3.98 MgO 4.47 0.98 

O 15.81 8.07 P2O5 1.08 0.11 

Moisture 18.24 9.65 K2O 0.48 2.26 

Ash 4.95 7.99 SiO2 33.63 49.28 

Volatiles 37.88 36.78 Na2O 1.59 1.51 

Fixed Carbon 38.93 45.58 SO3 9.27 2.22 

HHV (MJ/kg) 22.26 26.98 TiO2 1.30 0.85 

 16 
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In addition, Al2O3 powder (SASOL Germany GmbH) was used in this study to assess the 1 

formation rate of CuAl2O4 spinel at CLOU temperatures (900-950°C). 2 

2.2. Estimation of copper content in the spent material based on mass balance 3 

To evaluate the recoverability of copper from spent material, it is essential to first figure out 4 

the probable range of copper content in spent material. The preliminary estimation is focused on 5 

the FR side where the spent material is generated. The copper is assumed to be in the cupric form 6 

(Cu2+) in the spent material, no matter whether it bonds with ash compounds or not. There are 7 

two main reasons for this assumption. First, to achieve complete solid fuel combustion, an 8 

oxygen carrier-to-fuel ratio (φ) of greater than 3 is recommended in recent literature [36,37]. 9 

Theoretically, less than 33.3% of the CuO will be reduced into Cu2O while over 66.7% still 10 

remains as CuO in FR. Second, different from the bulk Cu2O being conveyed down to the AR 11 

after oxygen release, the attrited Cu2O will flow upward and likely be re-oxidized by the excess 12 

O2 in the upper region of FR. Two major components in spent material were considered in the 13 

calculations, including the copper oxide resulting from attrition and the fuel ash. In theory, the 14 

concentrations of unburnt char and inert support material are negligible in the spent material. 15 

Even if char and support material are present, they should not affect the occurrence mode of 16 

copper. Ideally, the fuel ash is supposed to leave the FR together with the flue gas and then be 17 

captured by the filter, thereby no ash is accumulating inside the FR, i.e., 100% of the ash ends up 18 

as fly ash. Hence, for preliminary estimation, the content of copper in the spent material 19 

(���,�����, wt.%) can be expressed as follows:  20 

���,����� =
����,�� !""#,��

����,�� !""#,��$��
/$��&�' (�)*+!,-
× 100%                                                                  (2)       21 

where 23��,45 is the solid inventory of Cu in the FR (kg), 67�� ,45 refers to the attrition rate of OC 22 

in FR (%/h), 8' 9��: represents the fuel feeding rate (kg/h), and �7�;  is the ash content in fuel 23 
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(wt.%). <��� and <�� are the molar masses of CuO (79.55 kg/kmol) and Cu (63.55 kg/kmol), 1 

respectively. Furthermore, 23��,45 can be written as  2 

23��,45 =
�' (�)*=(�)*>?��$��

5��
$��

                                                                                                           (3) 3 

where Ω9��:  is the stoichiometric amount of O2 required to burn the fuel (kg O2/kg fuel), A��� 4 

refers to the oxygen transport capacity of CuO (0.10 kg O2/kg CuO), B is the oxygen carrier-to-5 

fuel ratio, and C45 is the mean residence time of OC in FR (h). Consequently, Equation (2) can 6 

be reduced into  7 

���,����� =
D=EF!*>?�� !""#,��

GH=EF!*>?�� !""#,��&+!,-
× 100%                                                                                 (4) 8 

The value of Ω9��:  is typically in the range of 1.2-2.0 depending on the fuel composition [38]. 9 

For PRB coal, Ω9��:  is 1.64 kg O2/kg coal, which is a medium value and used in this study. In 10 

addition, the B and C45 are set to be 3 and 0.0333 h (2 min) [18], respectively. The ranges of the 11 

key variables are selected to be 0.1-1.0%/h for 67�� ,45  and 5-15% for �7�;. 12 

2.3. Thermodynamic Modeling 13 

To predict the occurrence mode of copper in the spent material, thermodynamic modeling was 14 

conducted using FactSage 7.3 software. The equilibrium composition of the spent material with 15 

minimized Gibbs energy was calculated. In addition to the built-in databases FactPS and FToxid, 16 

a user-defined database including Cu-containing complexes such as CuAl2O4, CuAlO2, Ca2CuO3, 17 

and CaCuO2 was employed. The thermodynamic data needed to define these Cu-containing 18 

complexes in the database was from the literature [39,40]. 19 

There were two variables in the thermodynamic calculations. The first was the composition of 20 

ash. The ash compositions of PRB and IL6 from Table 1 were used for comparison. The copper 21 

content in the spent material was the other variable, which was varied within the estimated range 22 
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according to Section 2.2. The gas atmosphere was set to be oxidizing at 1 atm, and the 1 

temperature was 900°C. It should be pointed out that the thermodynamic modeling can only 2 

present the equilibrium composition of the spent material without considering the kinetics, while 3 

the interaction time of fuel ash and attrited copper in the high-temperature region of FR is 4 

limited, presumably not longer than the solid residence time in FR. However, the thermodynamic 5 

modeling is still useful in predicting the maximum amount of copper transformed into CuAl2O4 6 

and CuFe2O4, reflecting the worst-case scenario. In addition, the predicted oxygen transport 7 

capacity of the spent material can be compared with the experimental results in Section 2.4. 8 

2.4. Redox cycles of simulated spent materials: revealing the formation of CuAl2O4 and CuFe2O4 9 

The redox cycles of simulated spent materials performed in thermogravimetric analyzer (TGA) 10 

can reveal the formation of CuAl2O4 or CuFe2O4. Specifically, our previous studies demonstrated 11 

that the formation of CuAl2O4 in coal ash/CuO mixture resulted in a decreasing oxygen transport 12 

capacity of the mixture as CuAl2O4 cannot release gaseous oxygen at normal CLOU 13 

temperatures; the decomposition of the CuFe2O4 formed would display an additional weight loss 14 

peak in the DTG curve, which can be differentiated from the primary weight loss peak of CuO 15 

decomposition [34,35]. In this work, the oxygen transport capacity of the simulated spent 16 

material was defined as the weight gain during the oxidation stage of a redox cycle divided by 17 

the initial weight of the material. The DTG curve (dm/dt) is the first derivative of the mass-time 18 

curve. 19 

The redox cycles were performed in the Q600 TGA manufactured by TA instruments, which 20 

was equipped with a reference pan to offset the buoyancy effect, attaining superior accuracy. 20 21 

mg simulated spent material composed of coal ash (PRB/IL6) and CuO with a specific copper 22 

content (8%/12%/16%) was loaded in the sample pan. The simulated spent material was first 23 
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heated to the target temperature (900°C or 925°C) at 30°C/min under CO2 gas flow (300 1 

mL/min) to trigger the decomposition of CuO (4�KL → 2�KOL + LO), then the inlet gas was 2 

switched from CO2 to air (300 mL/min) to allow for the oxidation of Cu2O (2�KOL + LO3 

→ 4�KL), which constitutes a redox cycle. To ensure the reactions are complete, every redox 4 

cycle had 60 min of reduction and 20 min of oxidation at the target temperature. 5 redox cycles 5 

were carried out for each test. To show the data reproducibility, each test was repeated three 6 

times. 7 

2.5. Assessing the risk of CuAl2O4 formation in realistic time frame under iso-thermal condition 8 

The formation of CuAl2O4 from the reaction between CuO and ash-derived Al2O3 is the most 9 

concerning influence that fuel ash could have on the recoverability of copper. To assess the 10 

intrinsic formation rate of CuAl2O4, it is necessary to control the reaction time under iso-thermal 11 

condition. The CuO/Al2O3 mixture (20 mg) with a molar ratio of 1:1 was loaded in a ceramic 12 

boat and sent into an electric furnace (Thermolyne, Thermo Scientific) that had already been 13 

heated to high temperature (900-950°C). After a controlled period of time (2-5 min), the mixture 14 

was withdrawn from the furnace and subject to visual inspection and XRD analysis. 15 

2.6. XRD analysis of simulated spent materials and CuO/Al2O3 mixtures after heat treatment 16 

To directly confirm the formation of CuAl2O4/CuFe2O4 in simulated spent materials and 17 

CuO/Al2O3 mixtures during thermal treatment, XRD analysis was conducted using Bruker D2 18 

PHASER. The CuKα radiation was operated at 30 kV and 10 mA. The 2θ was in the range of 10-19 

70° with a step size of 0.02°. The crystalline phases were identified using DIFFRAC.EVA 20 

software with Crystallography Open Database (COD) and Powder Diffraction File (PDF) for 21 

reference patterns.  22 

3. Results and discussion 23 
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3.1. Estimated range of copper content in the spent material 1 

Fig. 4 shows the estimated copper contents in the spent material under various attrition rates 2 

for different ash contents. As expected, the copper content increases with increasing attrition rate 3 

and decreasing ash content, exhibiting a high sensitivity to both factors. On one hand, if the FR 4 

attrition rate is as high as 1.0%/h, the spent material could contain up to 20 wt.% of copper. On 5 

the other hand, under relatively low attrition rates (<0.2%/h), the copper content in spent material 6 

is expected to be lower than 5 wt.%, even for an ash content of 5 wt.%. In summary, when the 7 

attrition rate is concerning (>0.2%/h), the percentage of copper in the spent material should be 8 

high enough to warrant recovery efforts. 9 

 10 

Fig. 4. Estimated content of copper in the spent material. 11 

3.2. Characteristics of CuAl2O4/CuFe2O4 formation in the simulated spent materials: effects of 12 

ash composition, copper content, and temperature 13 

Fig. 5 illustrates the equilibrium distribution of copper between CuO, CuAl2O4, and CuFe2O4 for 14 

the spent materials based on PRB ash or IL6 ash with varying copper contents. The spent 15 
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material based on PRB ash would not contain CuAl2O4 or CuFe2O4, while  1 

IL6 ash can lead to the formation of CuAl2O4 and CuFe2O4. In the case of IL6 ash, when the 2 

copper content is lower than 8 wt.%, the ash would be over-stoichiometric, i.e., if the attrition 3 

rate is below 0.55%/h, the Al and Fe in ash have the potential to turn all of the attrited Cu into 4 

Cu-Al and Cu-Fe complexes. On the other hand, once the copper content reaches 10 wt.%, the 5 

CuO will be in excess, hence the amount of CuAl2O4 and CuFe2O4 that can be formed 6 

theoretically only depends on the availability of Al and Fe. Specifically, the predicted ratio of the 7 

Cu as CuFe2O4 to the Cu as CuAl2O4 is constant (=1.35) with excess CuO. In summary, the 8 

theoretical amount of CuAl2O4 and CuFe2O4 in equilibrium is governed by both the ash 9 

composition and the copper content in spent material. Since the proportion of copper that can 10 

potentially be transformed into CuAl2O4 and CuFe2O4 is significant in equilibrium, it is 11 

important to investigate the kinetics of CuAl2O4/CuFe2O4 formation to assess the extent of 12 

reaction in reality. 13 
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 1 

Fig. 5. Equilibrium distribution of copper in spent materials as a function of copper content. 2 

To test the modeling predictions in Fig. 5, the oxygen transport capacities of the simulated 3 

spent materials were measured by TGA redox cycles. The PRB ash-based spent material is 4 

compared with the IL6 ash-based spent material in Fig. 6. The copper contents of the simulated 5 

spent materials presented in Fig. 6 were 16 wt.% (20 wt.% CuO), corresponding to a theoretical 6 

oxygen transport capacity of 2 wt.% when no CuAl2O4 is formed. Apparently, the oxygen 7 

transport capacity of the PRB ash-based spent material was constantly very close to 2 wt.% (the 8 

predicted value), confirming that CuAl2O4 did not form. On the other hand, the oxygen transport 9 

capacity of the IL6 ash-based spent material was considerably lower than 2 wt.% after the first 10 

cycle. The transport capacity then decreased with each redox cycle, approaching the value 11 

predicted by thermodynamic modeling, which suggests that CuAl2O4 was generated as expected. 12 

It is now clear that the formation of CuAl2O4 in the spent material depends on the ash 13 

composition. To quickly predict whether a certain ash could cause the formation of CuAl2O4, the 14 

threshold proposed in our previous work can be used: any ash with a Al2O3/CaO mass ratio 15 
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higher than 1.82 is higher risk, because the amount of Ca is too little to combine with and 1 

consume the Al, enabling the excess Al to react with CuO [34]. In this study, the Al2O3/CaO 2 

ratio of IL6 ash (9.44) is much higher than that of PRB ash (0.82).   3 

 4 

Fig. 6. Oxygen transport capacities of simulated spent materials over redox cycles. 5 

As shown in Fig. 7(a), for the IL6 ash-based simulated spent materials containing 8 wt.%, 12 6 

wt.%, and 16 wt.% of copper, the oxygen transport capacities at the fifth redox cycle were all 7 

close to the predicted values. It should be noted that in the first cycle, the oxygen transport 8 

capacity of the 16 wt.% copper material had already dropped by 19%, which was not far from 9 

the predicted decrease of 23% in equilibrium. Similarly, the simulated spent materials containing 10 

8% and 12% of copper also experienced a significant loss of oxygen transport capacity in the 11 

first cycle (decrease by 20% and 19%, respectively). The results above imply that the formation 12 

of CuAl2O4 in the spent material is significant in the first cycle and not sensitive to the copper 13 

content, and the amounts of CuAl2O4 formed at the end were consistent with the modeling 14 
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predictions, i.e., the CuAl2O4 formation is not slow. On the contrary, according to the DTG 1 

curves in Fig. 7(b), the formation of CuFe2O4 seems to be slow and differ from modeling 2 

predictions. The downward peaks in the DTG curves indicate weight loss, while the upward 3 

peaks mean weight gain. The spikes were due to the switch of inlet gas. With a copper content of 4 

16 wt.%, there was no obvious secondary weight loss peak of CuFe2O4 decomposition until the 5 

third redox cycle, after which the secondary peak grew slowly. With a lower copper content (8 6 

wt.%), the secondary peak was hardly visible even at the fifth redox cycle, which contradicts the 7 

modeling prediction that 67% of the copper was supposed to be in the form of CuFe2O4. It 8 

appears that the reaction between ash-derived Fe2O3 and CuO was limited not only by the slow 9 

kinetics but also by the solid-solid contact when the copper content was low. This is probably 10 

because the Fe2O3 in IL6 ash originated from pyrite (FeS2) was present as large discrete particles 11 

with small specific surface area, hence it was hard for the CuO to access Fe2O3 under low copper 12 

content.  13 
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 1 

Fig. 7. Predicted and measured oxygen transport capacities (a) and DTG curves (b) of IL6 ash-2 

based spent materials with various copper contents at 900°C. 3 

Although increasing the temperature to 925°C promoted the formation of CuFe2O4, the Fe2O3-4 

CuO reaction in the spent material was still not intense in the first 120 minutes even with 16 wt.% 5 

copper. As shown in Fig. 8, at 925°C, the secondary weight loss peaks after the third redox cycle 6 

were much stronger than at 900°C. However, the secondary peak still did not arise in the first 7 

two redox cycles even at 925°C. Given the probable residence time of spent material at CLOU 8 

temperature being within several minutes (no longer than the mean residence time of OC in FR), 9 

the spent material is not likely to contain CuFe2O4, while the formation of CuAl2O4 is possible.  10 
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 1 

Fig. 8. DTG curves of IL6 ash-based spent material with 16 wt.% Cu at different temperatures. 2 

XRD analysis supports the observations from the redox cycle analysis. The IL6 ash-based 3 

simulated spent materials were scanned by XRD following the first and fifth redox cycle. For a 4 

straightforward presentation, only the characteristic peak of a certain species (the strongest peak 5 

without overlapping with the peaks of any other species) was labeled in the XRD patterns in Fig. 6 

9. According to Fig. 9(a), at 900°C, after the first redox cycle, the peak of Fe2O3 was strong and 7 

the peak of CuFe2O4 was nearly absent, proving that the Fe2O3 in ash was not efficiently 8 

transformed into CuFe2O4 in the first cycle. Meanwhile, a significant peak of CuAl2O4 was 9 

detected after the first cycle, confirming CuAl2O4 was already formed in the first cycle. The 10 

discrepancy between the CuFe2O4 formation and CuAl2O4 formation in the first cycle revealed 11 

by XRD analysis explains the observations from the corresponding TGA measurement: 12 

significant CuO deactivation occurred in the first cycle because of the CuAl2O4 formation, while 13 

the secondary weight loss peak is invisible until the third cycle due to the absence of CuFe2O4. 14 
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Therefore, the formation of CuFe2O4 in the spent material is found to be much slower than that 1 

of CuAl2O4. When it came to the fifth cycle, the peak of CuFe2O4 arose, while the peak of Fe2O3 2 

was largely suppressed, suggesting the conversion from Fe2O3 to CuFe2O4. Also, the 3 

characteristic peak of CuAl2O4 after 5 cycles was stronger than that after 1 cycle: more CuAl2O4 4 

was formed, resulting in decreasing oxygen transport capacity. For the material containing 8 wt.% 5 

Cu, even after 5 redox cycles, the Fe2O3 peak remained very strong, and the CuFe2O4 peak was 6 

very weak. Nonetheless, the CuAl2O4 peak displayed high intensity, similar to the case of 16 wt.% 7 

Cu/5 cycles. Hence, it was confirmed that a low copper content would hinder the formation of 8 

CuFe2O4 but not inhibit the formation of CuAl2O4. As shown in Fig. 9(b) , the XRD patterns of 9 

the simulated spent materials at 925°C were noisy, probably due to the partial melting that 10 

lowered the crystallinity of the components. However, the trends at 900°C can also be seen at 11 

925°C: relatively strong Fe2O3 peak and weak CuFe2O4 peak after the first cycle, and the notable 12 

CuFe2O4 peak after the fifth cycle. At 900°C, though very weak, the Fe2O3 peak still existed after 13 

5 redox cycles, while at 925°C, it disappeared after 5 redox cycles, indicating that the CuO-Fe2O3 14 

reaction was more intense at 925°C. 15 
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 1 

Fig. 9. XRD patterns of IL6 ash-based simulated spent materials. 2 

3.3. Formation of CuAl2O4 in the realistic time frame (2-5 min)  3 

Considering the results above, the formation of CuFe2O4 in the spent material is not expected 4 

to be severe under FR conditions in several minutes of residence time. The focus then shifts to 5 

determining whether or not CuAl2O4 formation is significant in the realistic time frame. To 6 

check whether the formation of CuAl2O4 would be appreciable under isothermal conditions in 2-7 

5 min, the CuO/Al2O3 mixtures were directly sent to a furnace already heated to 900-950°C for 8 

2-5 min without the temperature ramping step. The initial mixture of CuO (black color) and 9 

Al2O3 (white color) is grey in color, while the color of CuAl2O4 is chocolate brown [41]. 10 

Therefore, the formation of CuAl2O4 can be easily recognized by visual inspection: the color 11 

change of the material from grey to brown implies that CuAl2O4 was generated during the 12 

isothermal heat treatment. As demonstrated in Fig. 10, the color change was more pronounced as 13 

the temperature and residence time increased. In particular, it took 5, 3, and 2 min for the 14 

material to display a significant color change when the temperature was 900, 925, and 950°C, 15 

respectively. The XRD results (Fig. 11) were consistent with the findings of visual inspection: 16 
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the intensity of the CuAl2O4 peak was positively correlated with the temperature and residence 1 

time. At 900°C, the CuAl2O4 peak was very weak for both 2 min and 3 min. At 925°C, there was 2 

a notable CuAl2O4 peak at 3 min. When the temperature was raised to 950°C, the CuAl2O4 peak 3 

emerged after merely 2 min and became substantial after 3 min. Since the residence time of spent 4 

material in the FR is not likely to exceed 5 min, the formation of CuAl2O4 should be minimal at 5 

900°C. However, if the temperature reaches 950°C, a substantial amount of CuO will be 6 

transformed into CuAl2O4 in 3 min. Therefore, 925°C should be thought of as a temperature 7 

threshold: above 925°C, the increase in CuAl2O4 content may reduce the recoverability of copper.  8 

 9 

Fig. 10. Photos of CuO/Al2O3 mixture after heat treatment at various temperatures for different 10 

residence times. 11 

 12 
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 1 

Fig. 11. XRD patterns of CuO/Al2O3 mixture after heat treatment at various temperatures for 2 

different residence times. 3 

From a practical perspective, the properties of the fuel used (reactivity/ash composition/ash 4 

content) should match the attrition resistance of the OC. When the OC happens to be of high 5 

attrition rate so that the amount of copper to be recovered is very large, the fuel used should 6 

ideally meet at least one of the two standards below: (1) the fuel is reactive enough to be 7 

efficiently converted at <925°C; (2) the ash is of low Al2O3/CaO mass ratio, preferably lower 8 

than 1.82. If the conversion of the fuel requires >925°C and its ash contains excess Al, adding 9 

CaO or co-firing with a high-Ca fuel to inhibit the formation of CuAl2O4 could be an option, 10 

according to the general principle proposed in our previous work [34]. 11 

4. Conclusions 12 

Based on mass balance calculations, thermodynamic modeling, TGA redox cycles, isothermal 13 

solid-solid reaction experiments, and XRD analysis, the influence of fuel ash on the 14 

recoverability of copper from the spent material of CuO-based chemical looping combustion was 15 

systematically investigated. The findings are essential in the continuous effort to reduce the cost 16 

of carbon capture in chemical looping systems. The conclusions are summarized as follows:   17 

(1) The content of copper in the spent material is estimated to be in the range of 2-20 wt.% 18 

under probable FR attrition rates (0.2-1%/h) and ash contents (5-15 wt.%). 19 
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(2) The occurrence mode of copper in the spent material depends on the ash composition, 1 

copper content, and temperature. The simulated spent material based on PRB ash does not 2 

contain CuAl2O4 and CuFe2O4 after extended heat treatment, while the counterpart based on IL6 3 

ash contains CuAl2O4 and CuFe2O4. The formation of CuAl2O4 and the oxygen transport 4 

capacity of the simulated spent material based on IL6 ash can be accurately predicted by 5 

thermodynamic modeling. Although high temperature and high copper content facilitate the 6 

CuO-Fe2O3 reaction, the formation of CuFe2O4 in the spent material is much slower than that of 7 

CuAl2O4. Given that the realistic residence time of spent material in the FR is on the order of 8 

minutes, CuFe2O4 should not be prevalent in the spent material. 9 

(3) The CuO-Al2O3 reaction is sensitive to temperature. When burning a fuel with a high Al/Ca 10 

ratio at >925°C, the fuel ash may turn the attrited copper into CuAl2O4, lowering the 11 

recoverability of the copper in spent material.  12 

 13 
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