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Abstract: During the chemical looping with oxygen uncoupling (CLOU) process for CO2 7 

capture from solid fuels, CuO-based oxygen carriers are expected to efficiently transport oxygen 8 

from the air reactor and convert fuel in the fuel reactor by releasing gaseous oxygen. To maintain 9 

high fuel conversion and CO2 capture efficiency, it is important to understand the impact of the 10 

fuel-derived Cl, which is highly volatile and corrosive, on the CuO/Cu2O in a CLOU 11 

environment. In this work, thermodynamic modeling was carried out to predict the 12 

characteristics of Cu-Cl interaction and develop a Cu deactivation rate model. Combustion 13 

experiments were performed to examine the impact of the Cl-containing flue gas on the CuO-14 

based oxygen carrier. The oxygen transport capacities of the oxygen carriers exposed to the Cl-15 

containing flue gas were measured by TGA. XRD and SEM-EDS were employed to characterize 16 

the ashes and oxygen carrier particles, respectively. The modeling results suggest that Cu-Cl 17 

interaction leads to the formation of CuCl and Cu3Cl3, causing the loss of effective Cu. The 18 
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fraction of HCl converted to CuCl/Cu3Cl3 (XHCl) was predicted to be almost linearly correlated 1 

with the Cl content, while H2O could hinder the Cu-Cl interaction. The Cu deactivation rate 2 

model was successfully developed. For the fuels containing 0.2-0.4 wt.% Cl, the Cu loss rate was 3 

estimated to be 0.0025-0.01%/cycle with XHCl=0.12-0.24. The results of combustion experiments 4 

and material characterization were consistent with the modeling predictions, clearly 5 

demonstrating the Cl-induced deactivation. Given the modeling predictions and experimental 6 

findings, potential countermeasures were proposed. 7 

Keywords: Chemical looping; CLOU; Chlorine; CuO; Thermodynamic modeling. 8 

1. Introduction 9 

As a promising technology for greenhouse gas control, chemical looping combustion (CLC) 10 

has received growing attention for its capability to inherently separate the CO2 from the 11 

combustion of fuels while minimizing the energy penalty and NOx emissions [1–5]. A critical 12 

aspect of CLC technology is the oxygen carrier, such as hematite (Fe2O3) and ilmenite (FeTiO3), 13 

that transports the oxygen from the air to the fuel. The oxygen carrier circulates between the fuel 14 

reactor and the air reactor that are interconnected and operated under different atmospheres. In 15 

the fuel reactor, the oxygen carrier oxidizes the fuel, producing a concentrated CO2 stream nearly 16 

free of N2/NOx to be readily captured. Subsequently, the oxygen-depleted carrier travels to the 17 

air reactor to be re-oxidized, constituting a redox cycle. For the conversion of gaseous fuels, 18 

sufficient gas (fuel)-solid (oxygen carrier) contact enables efficient reactions. When it comes to 19 

solid fuels, conventional CLC necessitates an additional step of solid fuel gasification to produce 20 

CO and H2, which will then be oxidized to CO2 and H2O by the lattice oxygen in the oxygen 21 

carrier. As a variant of CLC, chemical looping with oxygen uncoupling (CLOU) promotes the 22 
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solid fuel conversion by utilizing particular oxygen carriers that can self-decompose and release 1 

gaseous oxygen in the fuel reactor, achieving superior CO2 capture efficiency [6–10]. Among the 2 

active oxygen-releasing materials for CLOU, including CuO, Mn2O3, and Co3O4, CuO excels in 3 

the theoretical oxygen transport capacity (10.06 wt.%), reactivity, and exothermicity, allowing 4 

for lower solids inventory, smaller reactor size, and flexible heat management [11,12]. To 5 

synthesize the CuO-based oxygen carriers with enhanced thermal stability and mechanical 6 

strength, various support materials have been used, such as Al2O3, SiO2, TiO2, MgAl2O4, and 7 

ZrO2 [13,14]. SiO2 was confirmed to not form any complex compound with CuO [5] and thus 8 

adopted as the support material for the present study.   9 

Specifically, CuO-based oxygen carriers experience the following reversible reaction in CLOU 10 

systems: 11 

4 CuO(s)  <=>  2 Cu2O(s)  +  O2(g)                                                                                              (1) 12 

The low oxygen concentration in the fuel reactor drives the release of gaseous oxygen from 13 

CuO. The resulting Cu2O will be turned back into CuO in the air reactor.  14 

The migration/transformation of the inorganics and heteroatoms derived from solid fuels, 15 

especially K, Na, N, S, Cl, and Hg, are essential to the emissions and operational costs of 16 

thermochemical conversion plants [15–18]. With respect to CLC and CLOU, the fuel-derived 17 

inorganics and heteroatoms brought about another concern that they may interact with the 18 

oxygen carriers [19]. For Fe-based oxygen carriers, the impact of fuel ash depends on the 19 

composition and amount of ash: the Ca, Fe, and K in ash seem to boost the carbon conversion 20 

[20–23]. Brown coal ashes were found to produce a series of solid solutions and eutectics with 21 

iron ore and ilmenite, affecting the redox kinetics of the oxygen carriers [24]. Certain Ca-rich 22 

coal ashes would not lead to the agglomeration of Fe-based oxygen carriers [21,25], while some 23 
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potassium salts present in biomass worsened the agglomeration of ilmenite particles via adhesive 1 

effects and/or chemical reactions [26]. Corcoran et al. [27] illustrated that the migration of K into 2 

the ilmenite particle is more rapid than that of Ca during the oxygen carrier aided combustion of 3 

woody biomass. Ge et al. [28] investigated the fate of Na and Cl during the chemical looping 4 

process of Zhundong coal with a hematite oxygen carrier, concluding that no Fe-Cl compound 5 

was formed. The fluidized-bed study by Song et al. [29] also suggests NaCl does not react with 6 

iron ore oxygen carrier under chemical looping conditions. Moreover, for the chemical looping 7 

combustion/gasification of sewage sludge with hematite, the sludge ash was not reactive toward 8 

hematite but could deposit on the oxygen carrier particles and possibly increase the reactivity of 9 

Fe2O3 [30–32]. Ma et al. [33] examined the fate of Hg during the chemical looping combustion 10 

of coal, revealing that the hematite oxygen carrier enhanced the transformation of Hg0(g) to 11 

Hg2+(g) and only a small amount of Hg was absorbed by the hematite. For Cu-based oxygen 12 

carriers, it was reported that the coal ashes containing excess Al2O3 partially deactivated CuO 13 

through the formation of Cu-Al complex compound [34,35]. Adding CaO to consume the excess 14 

Al2O3 in coal ash has proved an effective solution to the Al-induced deactivation [36]. Keller et 15 

al. [37] identified the formation of Cu-containing spinels and sulfides due to the interactions 16 

between the typical minerals in coal and Cu-based oxygen carriers. Furthermore, Darwish et al. 17 

[38] observed the agglomeration of CuO caused by potassium silicates. In contrast with Loy 18 

Yang coal ash, Morwell coal ash led to notably lower carbon conversion during the TGA redox 19 

cycles of CuO-coal mixture [39,40]. Wang et al. [41] demonstrated that the CuFe2O4 oxygen 20 

carrier could be partially converted to Cu2S by the sulfur liberated from coal. Shah et al. [42] 21 

concluded that the SO2 in flue gas would form metal sulfates with CLOU oxygen carriers. Pérez-22 
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Vega et al. [43] found that 80% of the fuel-N was turned into N2, while Hg0(g) was the dominant 1 

form of mercury in the fuel reactor of CLOU.  2 

Although significant progress has been made in the understanding of the behaviors of fuel-3 

derived inorganics and heteroatoms in chemical looping environments, the influence of Cl on 4 

CuO-based oxygen carriers remains a new topic to be explored so far. The core hypothesis of 5 

this work is that the interaction between fuel-derived Cl and CuO/Cu2O would lead to the 6 

formation of gaseous CuCl and Cu3Cl3, decreasing the oxygen supply from the oxygen carrier. 7 

Looking outside of the CLC literature, it was reported that the CuCl and Cu3Cl3 generated from 8 

copper chlorination tend to be gaseous at >600°C [44,45]. Certain fuels that are candidates for 9 

chemical looping combustion can contain relatively high concentrations of Cl, in some cases 10 

exceeding 0.4 wt.% (switchgrass, wheat, sewage sludge, and straw pellets) [18,46,47]. The 11 

objectives of the present study were to (1) evaluate and model the Cu-Cl interaction through 12 

thermodynamic calculations; (2) demonstrate the Cl-induced deactivation of CuO-based oxygen 13 

carriers by combustion experiments; (3) propose potential countermeasures. The modeling 14 

predictions and experimental findings in this work make it possible to quantitatively assess and 15 

address the oxygen carrier deactivation when burning high-chlorine fuels.  16 

2. Materials and methods  17 

2.1. Materials 18 

To examine the behavior of Cl, the use of NaCl-loaded coals prepared by impregnation is a 19 

widely-accepted practice since the occurrence of the loaded Cl should be similar to that of the 20 

inherent Cl in the raw coal [28,48,49]. In this study, Illinois #6 bituminous coal was loaded with 21 

NaCl. The coal and ash analyses are given in Table 1. The pulverized coal and NaCl powder 22 

(Fisher chemical) were first weighed and soaked into de-ionized water to make a coal-water 23 
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slurry with dissolved NaCl, followed by the slow evaporation of water from the slurry under 1 

constant stirring. The NaCl-loaded coal paste was then dried at 105°C, ground, and sieved to 2 

obtain a particle size smaller than 75μm. The coal samples with 1 wt.%, 2 wt.%, and 3 wt.% of 3 

NaCl loadings were prepared. For the blank test, the pulverized Illinois #6 coal without NaCl 4 

loading was also used in this work. 5 

Table 1. Coal and coal ash compositions.  6 

Coal analysis (wt.%)   Ash analysis (wt.%) 
C 64.60 A2O3 17.66 
H 4.52 CaO 1.87 
N 1.12 Fe2O3 14.57 
S 3.98 MgO 0.98 
O 8.06 P2O5 0.11 
Cl 0.10 K2O 2.26 
Moisture 9.65 SiO2 49.28 
Ash 7.99 Na2O 1.51 
Volatiles 36.78 SO3 2.22 
Fixed Carbon 45.58   TiO2 0.85 
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The CuO-based oxygen carrier was manufactured using highly porous SiO2 support (CARiACT-8 

Q-10C, Fuji Silysia, 150-425μm). The BET surface area and bulk density of the support material 9 

were 330 m2/g and 0.5 g/mL, respectively. 0.45 mol/L copper nitrate solution was used to 10 

impregnate the support, followed by the decomposition of copper nitrate at 300°C. The 11 

impregnation was repeated twice to obtain a 32 wt.% CuO loading with a theoretical oxygen 12 

transport capacity of 3.2 wt.%.  13 

2.2. Thermodynamic Calculations  14 

To predict the characteristics of Cu-Cl interaction, FactSage 7.3 software was adopted to attain 15 

the equilibrium compositions. The calculations complied with the Gibbs energy minimization 16 

principle. FactPS and FToxid databases were used. 17 
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Two different cases were considered. Case A was to account for the situation where Cl-1 

containing flue gas meets Cu2O in the fuel reactor with ideal stoichiometric ratios. The input 2 

included two streams: the gas stream was composed of CO2, H2O, and HCl, while the solid 3 

stream was Cu2O. There are two sources of H2O in the gas stream. The H2O derived from the 4 

oxidation of hydrocarbons is denoted as H2Oox, while the additional H2O from fuel moisture and 5 

fluidizing gas is generally referred to as H2Oadd. Likewise, there may be CO2ox (combustion 6 

product) and CO2add (fluidizing gas). The molar ratio of Cu2O:CO2ox:H2Oox was set to be 7 

2.4:1:0.4, assuming the C and H in fuel are fully converted to CO2 and H2O by the oxygen 8 

released from CuO, and the H/C molar ratios of typical solid fuels are about 0.8:1. The 9 

temperature and the quantities of HCl, H2Oadd, and CO2add were selected as variables. Ideally, the 10 

fuel reactor should be fluidized by the recycled CO2 to minimize the efficiency penalty of 11 

fluidization [1,50]. If the fuel reactor is a bubbling fluidized bed, the CO2add is insignificant 12 

compared with the CO2ox [43], but the opposite may be true if the fuel reactor is operating in 13 

turbulent or fast fluidization regime. It was assumed that the Cl in fuel is mainly released as 14 

HCl(g) at CLOU temperatures (around 900°C) [18,28]. The condensed mineral matter (Si, Al, Ca, 15 

Fe, etc.) are not relevant to the Cu-Cl interaction if the Cl is already released as HCl in Case A. 16 

The SOx and NOx in the product gas were also supposed to not affect the equilibria associated 17 

with Cu and Cl. The crucial metrics of Case A are the HCl-to-CuCl/Cu3Cl3 conversion (XHCl) 18 

and Cu2O-to-CuCl/Cu3Cl3 conversion (XCu2O), which are defined as the fractions of HCl and 19 

Cu2O converted to CuCl/Cu3Cl3 in each redox cycle, respectively. The gaseous CuCl and Cu3Cl3 20 

formed cannot be re-oxidized to CuO in the air reactor.  21 

 On the other hand, Case B was designed to make predictions for the combustion experiments 22 

with non-ideal stoichiometric ratios. As shown in Fig. 1, there are two steps in the calculation 23 
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procedure. The first step is to calculate the composition of the Cl-containing flue gas from the 1 

combustion of NaCl-loaded coal, taking the organic (C, H, O, N, S) and inorganic (Si, Al, Ca, 2 

Fe, Mg, K, Na, Cl) elements into account. In the first step, the atmosphere was assumed to be air, 3 

in excess to ensure complete combustion. The second step predicts the equilibrium composition 4 

of the mixture of the Cl-containing flue gas and the oxygen carrier, figuring out the 5 

transformations of Cu and Cl. The key output of Case B is the oxygen transport capacity 6 

remained after interacting with the Cl-containing flue gas, which can be compared with the 7 

experimental results. 8 

 9 

Fig. 1. The procedure for calculating the Cu-Cl interaction in Case B. 10 

Although the thermodynamic modeling only points to the equilibrium compositions without 11 

considering the kinetics, gas-solid reactions are usually very rapid under high-temperature 12 

fluidized-bed conditions. Therefore, thermodynamic modeling should reflect the characteristics 13 

of the Cu-Cl interaction in actual fuel reactors. 14 

2.3. Combustion experiments 15 
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The proof-of-concept combustion experiments were to clearly reveal the interaction between 1 

the oxygen carrier and the Cl-containing flue gas. The schematic of the experimental setup is 2 

shown in Fig. 2. 300 mg coal was loaded in a 15 mL porcelain crucible (CoorsTek 60105, 3 

O.D.=35 mm, height=29mm). A stainless-steel front ferrule (22 mm) was set in the middle of the 4 

crucible. A piece of round ceramic fiber (Morgan Advanced Material) was placed on the top of 5 

the ferrule. 25 mg oxygen carrier particles were dispersed on the ceramic fiber to create a 6 

monolayer. As the whole crucible was sent into a furnace already heated to the target 7 

temperature, the Cl-containing gas produced from coal combustion would flow through the 8 

ceramic fiber and interact with the oxygen carrier on it. To ensure complete combustion, the 9 

atmosphere in the furnace was air. During the 30 min residence time in the furnace, once the 10 

combustion started, the oxygen carrier particles would be subject to the flue gas composed of 11 

CO2, HCl, etc. and then be exposed to the air atmosphere after the combustion was completed, 12 

simulating the alternating atmospheres that the oxygen carriers experience in CLOU systems. 13 

The inert N2 in the flue gas would not affect the general behavior of Cl.  14 

 15 

Fig. 2. Schematic of the combustion experiment. 16 

The oxygen transport capacity of the oxygen carrier after combustion experiment was 17 

determined using a thermogravimetric analyzer (TGA, Q600, TA instruments). The oxygen 18 
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carrier particles were heated to and kept at 925°C for 120 min under N2 flow (300 mL/min) to 1 

allow for the complete release of gaseous oxygen. Subsequently, the inlet gas was switched to air 2 

(300 mL/min) for 40 min to fully oxidize the Cu2O. The weight gain during the oxidation stage 3 

was the oxygen transport capacity. Since all the oxygen carrier particles were collected for the 4 

TGA test, the errors associated with sampling were avoided. 5 

2.4. Characterization of the coal ashes and oxygen carrier particles 6 

To understand the evolution of the inorganics in NaCl-loaded coals, the coal ash samples 7 

collected from combustion experiments were analyzed by X-ray diffraction (XRD, Bruker D2 8 

PHASER). The CuKα radiation was operated at 30 kV and 10 mA. The 2θ ranged from 10° to 9 

70° with a step size of 0.02°. Crystallography Open Database (COD) and Powder Diffraction 10 

File (PDF) reference patterns were employed for the identification of crystalline compounds.  11 

SEM-EDS analysis was carried out to show the elemental composition and distribution on the 12 

surface of the oxygen carrier. The oxygen carrier particles mounted on carbon tape were scanned 13 

by a beam with 20kV accelerating voltage in backscattered electron (BSE) mode. 14 

3. Results and discussion 15 

3.1. Cu-Cl interaction characteristics predicted by Case A  16 

For the CLOU systems fluidized by CO2, the fluidizing-to-produced CO2 ratio (CO2add/CO2ox) 17 

varies depending on the scale and fluidization regime. As shown in Fig. 3, the XHCl and XCu2O are 18 

not sensitive to the CO2add/CO2ox molar ratio, especially if the Cl content of the fuel is relatively 19 

low (HCl/CO2ox=0.0005-0.001, which corresponds to dry basis Cl content of ca. 0.1-0.2 wt.%). 20 

For example, when HCl/CO2ox=0.001, the Cl conversion of CO2add/CO2ox=5 (9.76%) is very 21 

close to that of CO2add/CO2ox=0 (10.83%), even though the absolute HCl concentration of 22 

CO2add/CO2ox=5 (154 ppm) is much lower than that of CO2add/CO2ox=0 (667 ppm). It is probably 23 
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because the additional CO2 has a dilution effect on both HCl and H2O, which are respectively the 1 

reactant and product of the reactions 2 22Cu O HCl CuCl H O+ +�  and 2 

2 3 3 23 6 2 3Cu O HCl Cu Cl H O+ +� . Hence, it seems theoretically ineffective to control the Cl 3 

conversion and Cu deactivation by simply introducing more CO2 to lower the absolute 4 

concentration of HCl in the gas stream. On the other hand, if the Cl content of the fuel is high 5 

(HCl/CO2ox=0.002), the XHCl and XCu2O would slightly decrease with increasing CO2add/CO2ox 6 

ratio. Generally speaking, the amount of CO2 fluidizing gas is not a key factor dictating the Cl-7 

induced deactivation. A medium value of CO2add/CO2ox=2 was selected as the base point for the 8 

evaluation of other parameters. 9 

 10 

Fig. 3. The HCl conversion (a) and Cu2O conversion (b) under various CO2dd/CO2ox ratios at 11 
900°C with H2Oadd/CO2ox=0.1. 12 

If the amount of CO2add is constant, the relative quantities of HCl and H2O govern the Cu-Cl 13 

interaction. Fig. 4 indicates the Cl conversion increases with increasing HCl concentration, 14 

exhibiting a linear correlation. Furthermore, the XCu2O seems to have a quadratic correlation with 15 

the HCl concentration, i.e., when the HCl concentration doubles, there will be nearly four times 16 

of deactivated Cu given twofold Cl conversion. Specifically, for a fuel containing ca. 10 wt.% of 17 
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moisture (H2Oadd/CO2ox=0.1) with a dry basis Cl content of 0.2 wt.% (HCl/CO2ox=0.001), 10% 1 

of the released HCl will be converted to CuCl and Cu3Cl3 at 900°C, resulting in a Cu2O loss rate 2 

of 0.002%/cycle. If the fuel contains 0.4 wt.% of Cl (HCl/CO2ox=0.002), the deactivation rate 3 

rises to 0.008%/cycle. As a rough and conservative estimate with a solid residence time of 2.5 4 

min/cycle, if the fuel contains more than 0.2 wt.% of Cl, at least 1% of the oxygen-carrying 5 

copper will be lost every day. For the dried fuels containing over 0.4% of Cl, the Cu deactivation 6 

rate could even reach 5%/day. Considering the continuous HCl generation and oxygen carrier 7 

circulation in the fuel reactor, the Cl-induced deactivation is a legitimate concern when burning 8 

high-chlorine fuels. To compensate for the Cl-induced loss of oxygen supply, adding makeup 9 

oxygen carrier is necessary. Besides, the formed CuCl vapor may condense on the downstream 10 

heat-exchange surfaces. The low melting point of the condensed CuCl (426°C) would increase 11 

the melt fraction and the stickiness of the ash deposit, raising the risk of fouling.  12 

 13 

Fig. 4. Dependence of the Cu-Cl interaction on the HCl/CO2ox ratio at 900°C. 14 

According to Fig. 5(a) and (b), the additional steam inhibits the formation of CuCl/Cu3Cl3. As 15 

compared with the dry fuel (H2Oadd=0), the same fuel containing around 20 wt.% moisture 16 

(H2Oadd/CO2ox=0.2) is predicted to cause about 30% less deactivation. To account for the 17 
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scenario where steam is used as the fluidizing gas, Fig. 5(c) and (d) presents the Cl conversion 1 

and Cu deactivation under high H2Oadd/CO2ox ratios with CO2add=0. The results indicate that the 2 

Cl-induced deactivation will be mitigated by increasing the steam concentration. A H2Oadd/CO2ox 3 

ratio of 0.5 can cut the deactivation by ca. 50% compared with the case of H2Oadd/CO2ox ratio=0 4 

(dry fuel, pure CO2 fluidizing gas). In terms of the systems with substantial H2O fluidizing gas 5 

(H2Oadd/CO2ox>2), the CuCl/Cu3Cl3 formation is predicted to be less concerning: even for high-6 

Cl fuels (Cl content=0.4 wt.%), it requires at least 500 cycles to have 1% loss of Cu inventory. In 7 

summary, the steam concentration in the fuel reactor is crucial to the control of Cu-Cl interaction. 8 

When high-chlorine fuels are to be processed, it might be helpful to keep a certain portion of fuel 9 

moisture undried to extend the lifetime of the oxygen carrier. This exercise would also lower the 10 

cost associated with the drying of fuels, but the overall thermal efficiency of the system will be 11 

compromised to some extent. Therefore, there should be a balance between the oxygen carrier 12 

performance, the cost of fuel pretreatment, and the system thermal efficiency, which is an 13 

interesting topic to investigate.  14 
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 1 

Fig. 5. The effect of steam concentration on the Cu-Cl interaction at 900°C. (a) and (b): CO2 2 
fluidizing gas; (c) and (d): H2O fluidizing gas. 3 

Fig. 6 illustrates the Cl conversion and Cu deactivation as a function of temperature. The 4 

temperature effect seems to depend on the HCl concentration: at low HCl concentration 5 

(HCl/CO2ox=0.0005), the Cu deactivation would be facilitated by high temperature, while low 6 

temperature favors the overall Cu-Cl interaction when HCl/CO2ox=0.002. At HCl/CO2ox=0.001, 7 

there is no clear correlation between Cl conversion and temperature. To explain this phenomenon, 8 

the HCl-to-CuCl conversion (XHCl-CuCl) and HCl-to-Cu3Cl3 conversion (XHCl-Cu3Cl3) are displayed 9 

separately in Fig. 6(a). The XHCl-Cu3Cl3 is predicted to decrease as the temperature increases, but 10 

an opposite trend is seen for XHCl-CuCl, which can be attributed to the fact that the formation of 11 

Cu3Cl3 from HCl and Cu2O is an exothermic reaction (∆H� � �103.1kJ/mol	Cu�Cl�, 900°C) 12 
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while the CuCl formation is endothermic (∆H� � �137.2kJ/mol	CuCl, 900°C). Moreover, if 1 

HCl/CO2ox=0.002, the XHCl-Cu3Cl3 is much greater than XHCl-CuCl, i.e., the Cu-Cl interaction is 2 

dominated by the pathway of Cu3Cl3 formation, hence the overall Cl conversion (XHCl=XHCl-3 

Cu3Cl3+XHCl-CuCl) would follow the same temperature trend as XHCl-Cu3Cl3. On the contrary, for 4 

HCl/CO2ox=0.0005, the CuCl formation contributes to the Cl conversion significantly, so the 5 

XHCl exhibits similar behavior to XHCl-CuCl. In the range of 875-925°C (most likely for CLOU), 6 

the Cu-Cl interaction is not sensitive to temperature.  7 

 8 

Fig. 6. The XHCl-CuCl, XHCl-Cu3Cl3, and XCu2O as a function of temperature. 9 

3.2. A simplified Cu deactivation rate model based on thermodynamic equilibria. 10 

Given the linear correlation between the XHCl and the Cl content (HCl/CO2ox) as shown in Fig. 11 

4, it is possible to develop a deactivation rate model with the contents of Cl and moisture as the 12 

essential variables, assuming the amount of CO2 fluidizing gas does not shift the equilibrium 13 

composition substantially. The original deactivation rate rd (kg Cu/h) based on the material 14 

balance of Cl and Cu can be written as follows: 15 

( ) /fueld Cl HCl HCl Cu Clr m y X M Mϕ=                                                                                                          (2) 16 
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where �����  represents the fuel feeding rate (kg/h),  !�  is the mass fraction of Cl in the fuel, 1 

"#!� refers to the fraction of fuel Cl released as HCl, $#!� is the fraction of HCl converted to 2 

CuCl and Cu3Cl3, %!� and %!� are the molar masses of Cl (35.45 g/mol) and Cu (63.55 g/mol), 3 

respectively. 4 

The linear correlation between XHCl and HCl/CO2ox ratio can be described as  5 

2( / )HCl oxX a HCl CO= , where a refers to the slope. Through the linear fitting of Fig. 4 using 6 

OriginLab software, the values of a were determined and listed in Table 2. In addition, since7 

2( / ) / 0.34 /ox Cl C C Cl Cl CHCl CO y M y M y y= = , then 0.34 /HCl Cl CX ay y= . Consequently, the 8 

deactivation rate model is reduced to 20.61 /d fuel Cl Cr m ay y= , assuming "#!�=1. Furthermore, 9 

with another linear fitting between a and the H2Oadd/CO2ox ratio based on Table 2, it was 10 

obtained that 2 2(117 153 )/
add ox

a H O CO= −  with R2=0.9787. If the H2Oadd is only from the 11 

moisture of the fuel, then 2 2 2 2 2( / ) / 0.67 /add ox H O C H O C H O CH O CO y M M y y y= = . Eventually, the 12 

model can be simplified as:  13 

2
2(71.37 62.83 / ) /d fuel H O Cl Cr m y yc y y= −                                                                                      (3) 14 

which applies to the CLOU systems fluidized by CO2 burning the fuels containing less than 30 15 

wt.% of moisture.  16 

 The simplified rate model directly reflects the two essential factors governing the Cu-Cl 17 

interaction: the quantities of Cl and moisture. Once the fuel properties are known, the model 18 

developed in this work can deliver a quick estimate of the Cu deactivation rate, helping the plant 19 

designers and operators evaluate the technical options. 20 
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 1 

Table 2. The values of a for different H2Oadd/CO2ox ratios determined by the linear fitting. 2 

H
2
Oadd/CO

2ox
 a R2 

0 120.54 0.9998 

0.05 109.34 0.9997 

0.1 99.93 0.9996 

0.15 91.95 0.9994 

0.2 85.10 0.9993 

0.25 79.17 0.9991 

0.3 73.98 0.9988 

 3 

3.2. Comparison between the modeling predictions of Case B and experimental results 4 

To substantiate the applicability of the deactivation rate model of Case A derived from the 5 

equilibrium compositions, experimental results were compared with the modeling predictions of 6 

Case B that were also based on equilibrium compositions. Each experiment was repeated at least 7 

twice. The error bars (standard errors) were presented along with the average values in Fig. 7. 8 

Clearly, the oxygen carriers that interacted with the gas generated from the combustion of NaCl-9 

loaded coals displayed considerably lower oxygen transport capacity than the counterparts 10 

without being subject to the high-chlorine environment. Therefore, the Cl-induced deactivation 11 

of CuO-based oxygen carrier proved to be a notable phenomenon. Specifically, 13-38% of the 12 

Cu was lost/deactivated due to the presence of 1-3 wt.% of NaCl in the coal. It is evident that 13 

with higher NaCl loading, stronger deactivation was observed since the Cl concentration in the 14 

product gas was also higher. The experimental results exhibited trends similar to the modeling 15 

predictions for 0-2 wt.% NaCl loadings. That the measured oxygen transport capacity of the 3 16 

wt.% NaCl was higher than predicted can be attributed to the limited availability of Cu on the 17 

oxygen carrier surface, which will be further explained by the SEM-EDS analysis in Section 3.4. 18 
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Also, FactSage predicted that over 90% of the NaCl added to the coal would be turned into HCl 1 

by the reactions with the Si and Al in coal at 900°C, which is consistent with the XRD results 2 

presented in Section 3.3.  3 

 4 

Fig. 7. The measured and predicted oxygen transport capacities for various NaCl loadings at 5 
900°C. 6 

The oxygen transport capacities under various temperatures with 2 wt.% NaCl were shown in 7 

Fig. 8(a). The results indicate the oxygen transport capacity slightly decreased with increasing 8 

temperature. The experimental results were generally close to the modeling predictions. In the 9 

range of 850-950°C, the Cu-Cl interaction was not very sensitive to the temperature. 10 

Qualitatively, it can be deduced that lowering the temperature to 850°C did not render the 11 

kinetics slow enough to make much difference in the total amount of Cu loss. According to Fig. 12 

8(b), when sending the oxygen carrier for the second time of combustion with 1 wt.% NaCl, 13 

further deactivation occurred. The third time combustion led to even stronger deactivation.   14 
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 1 

Fig. 8. Predicted and measured oxygen transport capacities under different temperatures with 2% 2 
NaCl (a) and various numbers of combustion with 1% NaCl (b). 3 

3.3. XRD analysis of the coal ashes 4 

The XRD patterns of the ashes collected from the combustion of the coals loaded with 0-3 5 

wt.% of NaCl at 900°C were presented in Fig. 8. The Powder Diffraction File (PDF) numbers of 6 

the compounds identified were labeled. For the raw Illinois #6 coal ash, SiO2 and Fe2O3 were the 7 

primary species identified. However, the XRD patterns of the NaCl-loaded coals clearly showed 8 

the peaks of NaAlSi2O6, indicating the following reaction happened during the combustion 9 

process: 2NaCl(s* � 4SiO/(s* � 2Al/O�(s* � H/O(g* � 2NaAlSi/O2(s* � 2HCl(g*. Therefore, 10 

it can be concluded that a significant fraction of Cl was released as HCl(g) instead of NaCl(g) at 11 

900°C, which supports the thermodynamic modeling predictions. From the perspective of 12 

kinetics, it seems the Na-Si-Al reaction was not slower, if not much faster, than the natural 13 

vaporization of NaCl under high heating rates, i.e., the Cl in coal could be readily turned into 14 

HCl. It is reasonable that the higher the NaCl loading, the lower the intensity of SiO2 peaks as 15 

SiO2 was consumed in the Na-Si-Al reaction. The peak intensities of the 3 wt.% NaCl loaded 16 

coal were generally weak except for Fe2O3, probably because the Si and Al participated in the 17 
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partial melting process driven by the abundant Na, forming a non-crystalline molten phase 1 

(silicate melt).  2 

 3 

Fig. 9. XRD patterns of the ashes. 4 

3.4. SEM-EDS analysis of the oxygen carrier particles after contacting Cl-containing gas 5 

SEM-EDS analysis was performed on the oxygen carrier particles obtained from the 6 

combustion of 2 wt.% NaCl loaded coal. Since the SEM system was operated in the BSE mode, 7 

the bright area on the particles corresponded to the CuO (Area 1) while the dark area was the 8 

SiO2 support. According to Fig. 9, only a little amount of Cu remained on the surface of SiO2 9 

support, i.e., most of the CuO on the surface was stripped away due to the Cu-Cl interaction. In 10 

addition, no Cl was identified on the surface. These observations confirmed the transformation of 11 

CuO to gaseous CuCl/Cu3Cl3. It should be noted that there were still some active CuO inside the 12 

pores of the support, and this type of CuO was not as accessible to HCl as the CuO on the 13 

surface. For this reason, the 3 wt.% NaCl caused much lower deactivation than the modeling 14 

prediction: the modeling assumed every CuO was equally reactive and perfectly accessible to the 15 
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HCl, but the easily accessible surface CuO would be almost exhausted when the NaCl loading 1 

was 2 wt.%. When it came to 3 wt.% NaCl, the deactivation of the CuO deep inside the pores 2 

was not as severe as what the modeling predicted. Therefore, employing highly porous support 3 

material may alleviate the Cl-induced deactivation by controlling the contact between Cu and Cl. 4 

 5 

Fig. 10. SEM-EDS analysis of the oxygen carrier particles collected from 2 wt.% NaCl coal 6 
combustion at 900°C. 7 

Na was not found on the surface, implying the following reaction was not intense:2NaCl(g* �8 

SiO/(s* � H/O(g* � Na/SiO�(l* � 2HCl(g*. There are three possible explanations. First, NaCl 9 

vapor was not widely available as the Cl had already evolved into HCl before reaching the 10 

oxygen carrier particles. Second, the contact between NaCl vapor and SiO2 support was poor 11 

given a layer of CuO on the surface. Third, the reaction rate was not fast enough under the 12 

experimental conditions. Conversely, if the reaction between the alkali chloride vapor and the 13 
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support material is prevalent under certain circumstances, the “secondary” HCl formed may also 1 

attack the CuO or Cu2O, which is defined as the indirect Cl-induced deactivation mechanism. 2 

Actually, the low-melting and sticky alkali silicates (Na-Si-O/K-Si-O) formed by the NaCl-SiO2 3 

interaction are considered to trigger the agglomeration of bed particles during the conventional 4 

fluidized-bed combustion [51]. As the bed material of CLOU, the oxygen carrier particles could 5 

also suffer from agglomeration. Therefore, the implications of alkali chloride vapor/support 6 

material interaction deserve closer attention in the future. 7 

3.4. Summary of the potential countermeasures  8 

Based on the modeling predictions and experimental findings in this work, potential 9 

countermeasures were proposed and summarized as follows: (1) keeping the steam concentration 10 

in the fuel reactor at a reasonably high level; (2) utilizing highly porous support material to limit 11 

the accessibility of Cu2O to HCl; (3) for high-volatiles solid fuels, adopting a novel two-carrier 12 

fuel reactor system, including a char reactor with Cu-based oxygen carrier and a volatiles reactor 13 

with Fe-based oxygen carrier. The fuel will first be fed into the char reactor with a minimized 14 

residence time of HCl-bearing volatiles. Subsequently, the HCl-bearing volatiles will enter the 15 

volatiles reactor and be converted by the iron-based oxygen carrier, which is immune to Cl 16 

species; (4) pyrolyzing the high-chlorine fuels before use to remove the volatile Cl if the tar is a 17 

valuable product.  18 

4. Conclusions 19 

To evaluate the impact of the Cl released from the combustion of solid fuels on CuO-based 20 

oxygen carriers, the characteristics of the Cu-Cl interaction in a CLOU environment were 21 

predicted by thermodynamic modeling. A simplified Cu deactivation rate model was developed. 22 

Combustion experiments and TGA tests were conducted to demonstrate the Cl-induced 23 
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deactivation of CuO-based oxygen carriers, confirming the modeling predictions. Potential 1 

countermeasures were proposed. The conclusions reached in this work are listed as follows: 2 

(1) In the fuel reactor, Cu2O may be turned into gaseous CuCl and Cu3Cl3 due to the presence of 3 

HCl, essentially deactivating the oxygen carrier. The Cu-Cl interaction is basically governed by 4 

the relative quantities of HCl and H2O in the gas stream. The HCl-to-CuCl/CuCl3 conversion 5 

(XHCl) was predicted to have an almost linear correlation with the Cl content of the fuel. On the 6 

other hand, high steam concentration inhibits the formation of CuCl and Cu3Cl3. The Cu-Cl 7 

interaction is not sensitive to the temperature in the range of 875-925°C. 8 

(2) Based on the equilibrium compositions at 900°C, a Cu deactivation rate model is developed 9 

as Eqn. (3), assuming the fuel reactor is fluidized by CO2 and the moisture content of the fuel is 10 

less than 30 wt.%. For fuels containing 0.2-0.4 wt.% Cl with 0-10 wt.% moisture, 1-5% of the 11 

Cu inventory is estimated to be lost each day. When evaluating the process economics of Cu-12 

based CLOU power plants, the Cl content of the solid fuel used should be considered as an 13 

important parameter. 14 

(3) The decreased oxygen transport capacity of the CuO-based oxygen carrier after being 15 

exposed to Cl-containing flue gas is quantitatively validated by the combustion experiments. The 16 

Cu loss increased with increasing NaCl loading and increasing temperature. 17 

(4) HCl and NaAlSi2O6 were formed during the combustion of NaCl-loaded Illinois #6 coal via 18 

the following reaction: 2NaCl(s* � 4SiO/(s* � 2Al/O�(s* � H/O(g* � 2NaAlSi/O2(s* �19 

2HCl(g*. 3 wt.% NaCl loading leads to a strong partial melting of ash. According to the SEM-20 

EDS analysis, the Cu on the surface of the support material can be easily stripped away by the 21 

Cl-containing flue gas. 22 
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 (5) Potential countermeasures against Cl-induced deactivation may include increasing the steam 1 

concentration in the fuel reactor, using high-porosity support material, adopting a two-carrier 2 

fuel reactor system, and pyrolyzing the high-Cl fuel before combustion.  3 
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