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A B S T R A C T   

Mg-Al-supported composites of CuO Oxygen carrier (OC) and Ba/Sr sorbent synthesized by mechanical mixing 
were used for three-stage process of MSW syngas chemical looping Combustion and HCl adsorption (CLCA). The 
syngas combustion and HCl adsorption efficiencies as well as thermal behavior of the composites were inves
tigated. It was found that the composites exhibited great reactivity and stability during cyclic CLCA process. The 
Ba/Sr sorbent slightly influenced the redox ability of OC owing to the presence of Cu2MgO3, but exhibited no 
impact on the MSW syngas combustion, achieving nearly full combustion during 20 cycles. Regarding to the 
conditions for sorbent regeneration, higher H2O content and temperature facilitated sorbent regeneration, 
allowing better HCl adsorption at fuel reaction stage. The sorbent regeneration conditions were optimized at 60 
vol% H2O and 900 ◦C. Ba-loading composite exhibited better HCl adsorption performance than the Sr-loading 
during 20 CLCA cycles maintaining 25–35 ppmv HCl in flue gas because of its better regeneration efficiency 
(~95%). The CuO/Cu migration to the surface enhanced the stability on mechanical strength, elemental 
composition and redox ability without appearing significant agglomeration during 20 cycles, maintaining the 
stability in the reactivity with MSW syngas for long-term operation.   

1. Introduction 

Global efforts in achieving carbon neutral economies, addressing 
global warming and climate change are constantly explored [1,2]. For 
example, waste-to-energy (WtE) technologies not only can reduce and 
utilize the waste for sustainable development, but also accelerate the 
carbon neutral target due to the biogenic fraction and prevention of 
methane emissions from landfills [3]. Gasification is one of WtE tech
nologies that offers possibility to efficiently utilize the Municipal solid 
waste (MSW) to produce syngas for energy generation. However, in this 
process there are some challenges limiting the efficient utilization of 
syngas, e.g. the presence of chlorine compounds can cause a high- 
temperature corrosion of heat recovery system in the WtE plant [4,5] 
or the possibility of formation of cancerogenic polychlorinated dibenzo- 
p-dioxins and polychlorinated dibenzo-p-furans (PCDD/Fs) [6]. 

Nowadays, over 2,430 WtE plants are operating globally, and>2,700 
plants with an MSW capacity of 530 million tonnes are forecast to be 

operational by 2027 [7]. Due to the rapid development of WtE, Chemical 
looping combustion (CLC) technology owing to its carbon capture 
abilities can significantly contribute to the reduction in the greenhouse 
emissions making the process more environmentally friendly [8,9]. CLC 
technology uses lattice oxygen from the Oxygen carrier (OC), instead of 
molecular oxygen, to combust fuel into CO2 and H2O. The lattice oxygen 
in the OCs is then regenerated by air in two separated interconnected 
reactors. Without the dilution by nitrogen from air, the CO2 in the flue 
gas in the CLC process can be concentrated, facilitating efficient CO2 
capture. When applied for the combustion of MSW and MSW-derived 
fuels, CLC can limit the formation of PCDD/Fs and NOx by-products 
due to the indirect contact between fuel and gaseous oxygen [10–12]. 
In the stand-alone CLC system, however, the impurity in form of HCl 
vapor is still present in the flue gas, resulting in unfavorable corrosion of 
heat recovery system in WtE plant 

To remove HCl from syngas at high temperature, efforts have been 
made to integrate sorbents into oxygen carriers by forming composite 
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materials. Previously, alkali metal oxides including K2O and Na2O were 
loaded on Fe2O3-based OCs for simultaneous syngas combustion and 
HCl removal, exhibiting 30–80% dechlorination efficiency during 60 
cycles [13]. Calcium-containing OC CaSO4/Fe2O3 was also adopted for 
polyvinylchloride CLC and exhibited HCl adsorption capacity [14]. It 
was found however that the addition of Na2O, K2O and CaO may cause 
sintering and agglomeration of OC particles due to the low melting 
points of generated chlorides (NaCl: 801 ◦C, KCl: 770 ◦C, CaCl2: 772 ◦C). 
Furthermore, at high syngas temperatures, the formed NaCl and KCl are 
volatile and could be vaporized causing corrosion [15]. Considering 
these findings, our previous studies provided an improved composite 
material consisting of iron ore particles loaded with barium-based sor
bent. The composite was able to effectively remove HCl from 500 ppmv 
to approx. 30 ppmv at high moisture content and high temperature 
condition during CLCs [16,17]. Due to the saturation by HCl, the activity 
of sorbents typically decreases and a regeneration stage is required to 
prolong their lifespan. In a so-called three-stage Chemical looping 
combustion-adsorption (CLCA) process using the Oxygen carrier sorbent 
(OCS) composite, besides the fuel reactor for syngas combustion and 
dechlorination and the air reactor for regenerating lattice oxygen, an 
additional reactor was added after the air reactor to regenerate the 
saturated HCl sorbent using water vapor. By testing syngas containing 
500 ppmv HCl, compared to the gradual increase of emitted HCl con
centration with CLC cycles, the HCl emission was maintained 20–30 
ppmv during 5 CLCA cycles using Ba and Sr loaded composites [18]. 

While previous studies have shown that iron ore based OCs have high 
activity towards the combustion of CO and H2 [19,20], which are the 
main syngas components, their activity towards combustion of methane 
is generally low [21,22]. Depending on the gasification process, syngas 
contains 1–4 vol% methane, which accounts for 15–30 % of syngas 
lower heating value [23,24]. For complete combustion of MSW syngas, 
Cu-based OCs were adopted due to their high activity towards methane 
combustion [25,26] with extensive experience even in pilot-scale 
operation [9]. Due to the low melting point of metallic Cu (1083 ◦C), 
various supports, such as Al2O3, MgO, SiO2, MgAl2O4, ZrO2 [27–30], are 
necessary to support the Cu-based OCs. Amongst them, MgAl2O4 is 
promising due to its high mechanical strength and no interaction with 
CuO avoiding the decline of redox activity [31–33]. While doping with 
HCl sorbent to form bifunctional composite materials, the interaction 
between CuO and the sorbents might impact its redox activity. The 
formation of CaCu2O3 and Ca2CuO3 was reported to hinder the oxygen 
release kinetics in the limestone-supported Cu-based OCs [34]. The 
addition of Na2O and K2O decreased oxygen uncoupling rate of CuO due 
to their lower melting points leading to sintering [35]. Similarly, the 
addition of Ba or Sr additive as HCl sorbent might influence the redox 
ability by interacting with CuO or support. However, the study on the 
interaction between CuO, support and sorbents, as well as how the 
interaction would influence the redox ability of CuO during redox cycles 
is absent. 

In this study, bifunctional composite materials such as Cu-Mg-Al-Ba 
and Cu-Mg-Al-Sr were developed. Their performances of HCl adsorp
tion, syngas combustion, sorbent regenerability and stability were 
evaluated in a gas switching fluidized bed reactor. Furthermore, the 
thermal behavior of composites and the interactions among oxygen 
carrier, support, and sorbent during CLCA process were systematically 
investigated. 

2. Materials and methods 

2.1. Materials 

The OCS composites were prepared with mechanical mixing. CuO 
(<10 μm, Sigma Aldrich), MgO (Sinopharm), γ-Al2O3 (commercial 
support, Hangzhou Zhi Hua Jie Technology Co., Ltd.) and BaCO3 (Sigma 
Aldrich) or SrCO3 (Sigma Aldrich) were mixed with deionized water 
(weight ratio solid : water = 2 : 5), the generated paste was transferred 

to a planetary ball mill (Retsch PM100 planetary) with the rotation 
speed of 350 rpm for 2 h. Subsequently, the precursors were dried at 
105 ◦C for over 6 h, and calcined in a chamber furnace, in which the 
materials were heating to 1000 ◦C with the heating rate of 5 ◦C/min and 
maintained at 1000 ◦C for 5 h. Finally, the materials were crushed and 
sieved to 250–450 μm particle size. The mass ratio of CuO:MgO:Al2O3: 
sorbent was 30:16.9:41.1:10 and MgO:Al2O3 molar ratio was 1:1, where 
BaCO3 or SrCO3 were used as the sorbents. The synthesized composites 
were labeled as CuMABa and CuMASr, respectively. For comparison, the 
OC without a sorbent was prepared with the CuO:MgO:Al2O3 mass ratio 
of 30:19.7:50.3 and labeled as CuMA. 

2.2. Reactivity tests 

The combustion and HCl adsorption efficiencies of composite ma
terials were evaluated in a gas switching fluidized bed reactor (Fig. 1). 
The reactor was made by a quartz tube with an inner diameter of 11 mm 
and a length of 85 cm, and a porous plate was set at the middle to hold 
the composite samples. In each run, the composite was purged with air 
during the heating and cooling steps to avoid the oxygen loss. There 
were three stages for cyclic CLCA process, i.e., (i) fuel reaction (FR) for 
syngas combustion and HCl adsorption, (ii) air reaction (AR) for 
regeneration of lattice oxygen in OC, and (iii) sorbent regeneration (SR), 
simulating reactions occurring in fuel reactor, air reactor and sorbent 
regenerator, respectively. At the FR stage, the gas mixture containing 
42.6 vol% N2, 10 vol% CO, 10 vol% H2, 10 vol% CO2, 2.4 vol% CH4, 25 
vol% H2O and 460 ppmv HCl was used to simulate MSW syngas, which 
was referred to H2O/air gasification of MSW [36]. An impinger bottle 
filled with deionized water was used to collect HCl in the product gas, 
and the cold-dry gas was subsequently analyzed in a gas analyzer (SICK, 
GME 810), in which CO, CO2 and CH4 were measured by nondispersive 
infrared sensor, and H2 was measured by thermal conductivity sensor 
corrected for the interference of other gases. The HCl collected in the 
impinger bottle was analyzed by an ion chromatograph (IC, Dionex ICS- 
1100). To prevent the HCl condensation before the impinger bottle, the 
gas lines of the setup were heated to 170 ◦C. Air was used to regenerate 
the CuO redox activity at the oxidation stage, while steam was used to 
regenerate the sorbent at the SR stage. The reaction conditions are 
provided in Table 1. In the SR stage, air/H2O was used to avoid the 
potential oxygen loss while regenerating the sorbents. Two temperatures 
(900 ◦C and 950 ◦C) and three H2O concentrations (125, 250 and 375 
sccm, representing 33, 50 and 60 vol% H2O) were applied during SR 
stage to analyze their effects on sorbent recovery. Additionally, the ac
tivity of the composites during CLC cycles (without SR) was tested for 
comparison. Each run was duplicated, and the results were presented as 
the average values and error bars. 

To evaluate the performance of HCl removal at the FR stage, 
dechlorination efficiency (ηCl) was defined and calculated by: 

ηCl = (1 −
Cl

Clblk
) × 100\% (1) 

where Cl and Clblk are chlorine amounts collected at the outlet of 
reactor with and without composite, respectively. 

Regeneration efficiency (ηR) was used to characterize the regener
ability of sorbent component in composites, and calculated as: 

ηR =
ClSR

ClSR + ClOCS
× 100\% (2) 

where ClSR and ClOCS are chlorine amounts desorbed in SR stage and 
fixed in the OCS composites, respectively. 

2.3. Characterization technologies 

The thermal behavior of composites and the interactions between 
sorbent and oxygen carrier were investigated by several techniques. The 
crystalline components were characterized by X-ray diffraction (XRD, 
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Bruker D8 Advanced). The morphology, porosity and crushing strength 
were analyzed with field-emission scanning electron microscopy with 
energy dispersive spectroscopy (FESEM-EDS, JSM-7200F, JEOL), N2 
adsorption (Micromeritics ASAP-2460) and force gauge (Handpi HP- 
200, mean value of 20-time tests for each sample), respectively. The 
metal composition was determined by acid digestion followed by 
inductively coupled plasma - optical emission spectrometry (ICP–OES, 
Perkin Elmer Optima 8300). The chlorine content in solid samples was 
measured after water leaching followed by ion chromatography. The 
details about acid digestion and water leaching are provided in Sup
plementary material. 

The oxygen capacity and redox ability of each composite were 
analyzed by a thermogravimetry analyzer (TGA, NETZSCH). Two sets of 
tests were conducted. In the first set, 40 ± 0.1 mg composite was 

subjected to air (250 ml/min), pure N2 (250 ml/min) and CO/N2 (10 ml/ 
min CO and 250 ml/min N2) in the following order under 850 ◦C: air (10 
min) → N2 (40 min) → air (5 min) → CO/N2 (25 min) → air (5 min). The 
oxygen uncoupling capacity (OUC) and total oxygen capacity (TOC) 
were defined to characterize the capacity of decomposing to gaseous 
oxygen and reducing by CO, respectively, and were calculated as: 

OUC =
m0 − mN

m0
(3)  

TOC =
m0 − mCO

m0
(4) 

where m0 is the initial mass OCS composites, and mN and mCO are the 
final masses under N2 and CO/N2 atmosphere, respectively. 

In the second set, a temperature program reduction with CO (CO- 
TPR) was used to compare the redox ability of each composite. In each 
run, 20 ± 0.1 mg composite was subjected to a gas mixture of 10 ml/min 
CO and 250 ml/min N2. The temperature was increased from 100 ◦C to 
600 ◦C with the heating rate of 5 ◦C/min. 

3. Results and discussion 

3.1. Characterization of fresh composites 

The crystalline phase composition of prepared composites is pre
sented in Fig. 2. Without the sorbent loading, the OC CuMA was mainly 
composed of CuO (#05–0667) and MgAl2O4 (#21–1152), and a small 
amount of Cu2MgO3 (#41–1365). These results suggest that during 
calcination MgO reacted with both CuO and Al2O3. However, there was 
no evidence that the crystalline phase formation attributed to the re
action between CuO and Al2O3. Since the formation of Cu-Al mixed 

Fig. 1. Gas switching fluidized bed setup for reactivity tests.  

Table 1 
Reaction conditions for one cycle.  

Sequence Gas Total gas flow 
(sccm, wet 
basis) 

Temperature Duration 
(min) 

Purge 1 N2 400 From SR 
temperature (TSR) to 
850 ◦C 

5 

FR Simulated 
syngas 

500 850 ◦C 7 

Purge 2 N2 400 850 ◦C 5 
AR Air 400 850 ◦C to 950 ◦C 

(10 ◦C/min) 
10 

Purge 3 Air 250 From 950 ◦C to TSR 2 
SR Air, H2O Air: 250; H2O: 

125/250/375 
TSR : 900 ◦C, 950 ◦C 21  
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oxide (i.e., spinel CuAl2O4) would lead to the loss of redox ability 
[32,37] and oxygen capacity due to the difficult oxidation of the reduced 
product CuAlO2 [38], the loss of redox ability in this case was avoided. 
The formation of Cu2MgO3 could be due to the excess MgO in the pre
cursors. In the CuMABa and CuMASr composites, the crystalline phases 
of BaAl2O4 (#17–0306) and SrAl2O4 (#31–1336) were identified, 
respectively, suggesting that BaCO3 and SrCO3 interacted with Al2O3 
during calcination. The high intensities of diffraction peaks of BaAl2O4 
compared to SrAl2O4 were attributed to the low melting point of pre
cursor BaCO3 (811 ◦C), which crystal grain size grew rapidly resulting 
the higher crystallinity of CuAl2O4 during high-temperature calcination. 
Both composites also contained crystalline CuO phase. Compared to 
CuMA, the CuMABa and CuMASr composites had increased XRD peak 
intensities corresponding to Cu2MgO3 and decreased peak intensities for 
MgAl2O4. This could be attributed to the dynamic reactions of Al2O3 
with Ba and Sr species. As a result, the excess of MgO could interact with 
CuO forming more Cu2MgO3. 

The CO-TPR profiles of OCS composites conducted by TGA are shown 
in Fig. 3. It can be seen there were two weight loss peaks in each ma
terial. Since CuO reduced from Cu2+ to Cu0 by CO at a temperature 
range of 160–240 ◦C [39–41] depending on the synthesis process, the 
first reduction peak could be assigned to the reduction of CuO. The 
second reduction peak could be attributed to the reduction of Cu2MgO3 

due to its lower activity [42,43] and lower content in CuMA. Since there 
was higher Cu2MgO3 content of CuMABa and CuMASr than that of 
CuMA as shown in XRD results (in Fig. 2), more lattice oxygen was 
presented in lower activity (reduced at higher temperature). Consid
ering the reduction temperatures, the introduction of Ba sorbent slightly 
increased the reduction temperature, while Sr sorbent addition 
increased the reduction temperature of CuO → Cu from 200 ◦C to 230 ◦C. 
This implies that the introduction of Ba and Sr sorbents slightly weak
ened the redox ability of CuMA oxygen carrier. One explanation could 
be that the addition of Ba/Sr species influenced the dispersion of CuO on 
the support leading to lower redox ability [44], and the Sr had higher 
mole fraction than Ba in the composites resulting higher negative 
effects. 

3.2. Hcl adsorption and sorbent regeneration properties 

3.2.1. Optimization of sorbent regeneration conditions 
The HCl emissions during 5 cycles of CLC process are shown in Fig. 4 

(a). In these experiments, there was no SR, only air regeneration was 
used to restore oxygen content in the composite. HCl concentrations for 
CuMA were lower than the blank test, suggesting that small quantities of 
HCl were removed by the material. This could be attributed to the 
interaction between CuO and HCl according to the thermodynamic 
calculation at high temperature and humid conditions reported in [45], 
but there was no evidence presenting the interaction between HCl and 
MgAl2O4. The removal efficiencies of CuMABa and CuMASr were much 
higher, decreasing the HCl content in effluent gas below approx. 40 
ppmv during the first 2 cycles. However, at longer number of cycles, the 
dechlorination efficiency gradually declined while the HCl emission 
increased. This was attributed to the saturation of Ba and Sr sorbents due 
to the lack of regeneration step. Fig. 4(b) and Fig. 4(c) demonstrate the 
HCl emissions in the effluent gas during CLCA process (with SR in each 
cycle). Fig. 4(d) and Fig. 4(e) show the corresponding desorption 
amounts of chlorine at the SR stage. Compared to that without SR, the 
HCl emissions in the effluent gas significantly decreased, especially after 
3–4 cycles. Correspondingly, considerable chlorine was released at the 
SR stage, suggesting that the regenerability of both composites main
tained the HCl adsorption activity for syngas. However, the HCl emis
sions still had a slight increase with the cycle number, thus it is necessary 
to optimize the SR conditions. 

For optimizing the SR conditions, the chlorine desorption amount at 
SR stage was compared under different regenerating temperatures and 
moisture contents. As shown in Fig. 4(d) using CuMABa, regardless of 
whether the sorbent was regenerated with 50 vol% or 60 vol% H2O, the 
desorbed chlorine amount with 950 ◦C (solid line) was significantly 
higher than that of 900 ◦C (dash line). When CuMASr was used as 
composite (Fig. 4(e)), 950 ◦C (solid line) also led to higher chlorine 
desorption than 900 ◦C (dash line) at each cycle. Therefore, higher 
temperature facilitated the regeneration of sorbent. Since the regener
ation of Ba and Sr-based sorbent (described in eqs. (5) and (6)) was a 
highly endothermic process (ΔH > 0), higher temperature would shift 
the equilibrium towards the right side, leading to the better 
regeneration.  

BaCl2 + H2O = BaO + 2HCl, ΔH950
◦

C = 336.64 kJ/mol                      (5)  

SrCl2 + H2O = SrO + 2HCl, ΔH950
◦

C = 257.88 kJ/mol                        (6) 

Besides temperature, moisture content was another important 
parameter affecting the composite regenerability. The data for CuMABa 
show that more chlorine could be desorbed during SR stage when the 
H2O content in gas increased from 33 to 60 vol%. Similar behavior was 
also observed for CuMASr. 

In the comparison of HCl emissions between different regeneration 
conditions (in Fig. 4(b) and (c)), the variation trend was opposite to the 
chlorine desorption at SR stage. It suggested that HCl adsorption activity 
was influenced by SR condition indirectly. Better SR conditions, i.e., 

Fig. 2. XRD patterns of fresh OCS composites.  

Fig. 3. CO-TPR profiles of the fresh composites.  
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higher temperature and H2O content, led to higher content of active 
sorbent in the subsequent cycle, resulting the better HCl adsorption 
activity. 

The obtained results suggest that higher H2O content and tempera
ture during SR stage were conducive to the regeneration of sorbent. 
However, for the industrial application in interconnected fluidized bed, 
regenerating the sorbent at extremely high temperature might be chal
lenging for auto-thermal operation of the CLCA process. In this study, 
the HCl emissions were comparable when the composites were regen
erated at two SR conditions: TSR = 950 ◦C, CH2O = 50 vol% and TSR =

900 ◦C, CH2O = 60 vol% (HCl concentrations could be stabilized at 
20–30 ppmv using CuMABa (Fig. 4)). Therefore, the SR temperature 
could be reduced to 900 ◦C in the design of the interconnected fluidized 
bed. Figure S1 shows the HCl removal efficiencies during 5 CLC and 
CLCA cycles. The dechlorination efficiencies were continuously declined 
during 5 CLC cycles, and decreased to 60–65% at the 5th cycle. With the 
optimized sorbent regeneration condition, the HCl removal efficiencies 
did not have a significant decrease during 5 cycles and maintained at the 
level of > 90%. 

3.2.2. Stability of HCl adsorption and sorbent regeneration processes 
To explore the stability of HCl removal in a long-term operation, the 

evolution of HCl release in the three stages was investigated in 20 cycles 
(Fig. 5). For both composites, the HCl emissions at FR stage gradually 
increased at the initial 5–6 cycles, and remained similar in the subse
quent cycles. Similarly, the chlorine desorption amounts of SR stage also 
increased and stabilized after 5–6 cycles. This could be ascribed to the 
incomplete regeneration of sorbents. At the SR stage of the initial cycles, 
the desorption of chlorine was inhibited due to the presence of unsat
urated sorbents, leading to the decline of dechlorination ability. 
Simultaneously, with the increase of cycle number, the incomplete 
regeneration led to the accumulation of BaCl2 or SrCl2, resulting more 
chlorine to desorb in the SR stage, thus the decline of dechlorination 
activity would be alleviated. These two effects were balanced after 5–6 
cycles, leading to the stable HCl adsorption and chlorine desorption. 

It is favorable that all chlorine should be released at SR stage, to 
prevent corrosion of boiler from the flue gas of fuel reactor and air 

reactor. The comparison of the desorption amounts between each stage 
during 20 cycles is shown in Fig. 5b and c. After stabilization (5–6 cy
cles), almost all the chlorine was released at the SR stage, while only 
small amount of chlorine emitted at FR stage and the chorine released at 

Fig. 4. HCl emissions of FR stage during (a) CLC process for composites; (b) CLCA process for CuMABa; (c) CLCA process for CuMASr. Chlorine desorption amounts 
of SR stage for (d) CuMABa and (e) CuMASr. 

Fig. 5. HCl evolution during 20 cycles of CLCA process: (a) HCl release con
centration and chlorine release amounts in case of (b) CuMABa and (c) CuMASr 
(SR: TSR = 900 ◦C, CH2O = 60 vol%). 
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AR stage was negligible, which allowed high-efficient utilization of the 
gas products. 

To validate the inference of incomplete sorbent regeneration and 
obtain the regeneration efficiencies, the chlorine content of composites 
before and after reactions are shown in Fig. 6(a). Compared to the fresh 
composites, considerable chlorine was observed after 5 cycles of CLC 
process (without SR), verifying the effective HCl adsorption capacity of 
composites. After 5 cycles of CLCA process (with SR), the chlorine 
contents were significantly decreased compared with that after 5-cycle 
CLC, but still significantly higher than the fresh ones. This implies that 
the sorbents were not completely regenerated during CLCA cycles, 
explaining the increase of HCl emission at FR stage and chlorine 
desorption at SR stage. When the CLCA process was extended to 20 
cycles, the chlorine contents were continuously increased at a lower rate 
per cycle. For further explaining the fate of chlorine during CLCA pro
cess, the normalized balance of chlorine was calculated and shown in 
Fig. 6(b). As can be seen, approx. 19% and approx. 34% chlorine were 
fixed in CuMABa and CuMASr during 1-5th cycle, respectively. During 
6-20th cycle (representing almost stabilized stage), the fixed chlorine in 
CuMABa and CuMASr was decreased to approx. 5% and approx. 7%, 
respectively. Meanwhile, the chlorine desorption amounts of SR stage 
were increased from 77% and 60% to 89% and 85% for CuMABa and 
CuMASr, respectively, suggesting that the composites had higher 
regeneration efficiency after stabilization. During 6-20th cycles, average 
regeneration efficiencies of CuMABa and CuMASr were approx. 95% and 
approx. 92%, respectively. 

Comparing CuMABa and CuMASr, the stabilized HCl emission after 
dechlorination reaction were 25–35 ppmv and 40–50 ppmv, respec
tively. Simultaneously, the stabilized chlorine desorption amount of SR 
stage using CuMABa was slightly higher than that of CuMASr, and the 
chlorine content of regenerated CuMABa was correspondingly lower 
than regenerated CuMASr. Considering that the HCl capacities of two 
composites were similar according to CLC tests, it could be concluded 
that the better HCl adsorption activity of CuMABa was owing to its 
better sorbent regenerability than CuMASr, instead of its dechlorination 
capacity. This phenomenon was similar to the one observed in our 
previous study [18], which showed that Ba-based sorbent exhibited a 
better regenerability than Sr-based sorbent. One explanation was that 
the chlorination product BaCl2 (969 ◦C) had a higher melting point than 
SrCl2 (874 ◦C). SrCl2 would be in molten phase during the AR (max. 
950 ◦C) and SR (900 ◦C) stages, which inhibited the contact with H2O 
during regeneration, while BaCl2 was still in solid phase leading to better 
kinetics in regeneration. 

3.3. Syngas combustion performance 

The flue gas composition obtained during FR stage of the first cycle 
using the three composites is shown in Fig. 7(a-c). With the duration of 
the experiments, the gas composition changed for the three materials. At 

first, all combustible gases, i.e., CO, H2 and CH4, were almost unde
tectable (7–13 min), except there was H2 fluctuation at 7–10 min owing 
to the error of TCD (thermal conductivity detector) correction by CO2. 
This corresponds to nearly complete combustion of syngas by the com
posites. Then, the concentrations of combustible gases gradually 
increased (13–15 min), which is attributable to the depletion of oxygen 
in the composites. Based on the similar results, the loading of Ba and Sr 
sorbent did not have impact on the MSW syngas combustion during the 
first cycle. Although the formation of Cu2MgO3 phase in CuMABa and 
CuMASr was demonstrated to be likely in the lower redox ability 
[42,43], this was not confirmed by experimental works. 

The CuMaBa and CuMASr activity in the combustion of syngas 
during 20 cycles is shown in Fig. 7 (d) and (e). As can be seen, for 
CuMABa and CuMASr, the CO2 concentrations did not show any sig
nificant decline during 20 cycles. Simultaneously, the concentrations of 
combustible gases were also stable. CO, H2 and CH4 were nearly unde
tectable before the depletion of lattice oxygen, and their peak values did 
not have a significant increase during 20 cycles. It can be concluded that 
both CuMABa and CuMASr have high stability during long term syngas 
combustion. Since the reactivity of CuMA also exhibited stable during 5 
redox cycles (shown in Figure S2), the stability of composites was 
attributed to the great dispersion of CuO on the support rather than the 
sorbent addition. 

3.4. Evolution of composites during CLCA process 

The surface morphologies of CuMABa and CuMASr before and after 
cyclic CLCA process are shown in Fig. 8. The surface of the fresh OCS was 
composed of granules in hundreds of nanometers, and covered with a 
layer of loose granules, which might be worn off during fluidization. 
After 5 cycles, the surface was densified, but nano granules were still 
remained on the surface, and no significant agglomeration was 
observed. The EDS mapping shows that Cu element was not distributed 
evenly as other elements (Mg, Al, Ba and Sr), and the dense surface was 
mainly composed of Cu compounds. This suggests that Cu/CuO tended 
to aggregate on the surface during redox cycles with the presence of 
porous structure, which was similar to the phenomenon in [46,47] 
exhibiting the migration of active Cu to the surface during redox cycles. 
At the same time, the formation of dense surface might improve the 
mechanical strength and attrition resistance during fluidization. After 
20 cycles, the surfaces of composites were similar to that after 5 cycles, 
indicating that the aggregation of Cu/CuO have not deteriorated during 
long-term operation. Therefore, the good dispersion of Cu compounds 
on Mg-Al support alleviated the significant agglomeration of compos
ites, stabilizing the reactivity with MSW syngas during long-term 
operation. 

The XRD patterns of used CuMABa and CuMASr show that the 
crystalline phases changed after 20 cycles (Fig. 9). The Cu2MgO3 peaks 
nearly disappeared after 5 and 20 cycles. Similar effects were also found 

Fig. 6. Chlorine content of fresh and regenerated composites (a) and normalized chlorine balance of composites during CLCA process (SR: TSR = 900 ◦C, CH2O = 60 
vol%) (b). 
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for olivine-supporting CuO in other study [28]. One possible reason was 
the migration of Cu to surface during redox cycles [46], which led to the 
uneven distribution of Cu/CuO and limited the dissolution of CuO into 
the complex oxide Cu2MgO3. In addition, the intensity ratio CuO: 
MgAl2O4 was getting higher after 5 and 20 cycles. This could be ascribed 
to the exsolution of CuO during redox cycles and the lower melting point 
of metal Cu (reduced phase), resulting in the growth of crystalline size. 
The crystalline chlorides were not detected after 5 and 20 cycles prob
ably due to low contents or amorphous structures. 

The composition of materials before and after cyclic CLCA process is 
shown in Table 2. The actual CuO contents of the fresh OCS were approx. 
36%. In the application of Cu-based OCs for chemical looping process, 
the long-term fluidization and redox cycles might result in the loss of 
active components due to the attrition [48–50]. Our previous study also 
showed the decrease of sorbent content (Ba and Sr) after multiple cycles 
[18]. In this study, after 5 or 20 cycles, the content of each component 
was hardly changed, suggesting that there was no separation between 
support, CuO and sorbent during long-term fluidization. On one hand, 
the strong interaction between support and sorbents improved the me
chanical strength by forming BaAl2O4 and SrAl2O4. On the other hand, 
the dense surface formed by the redox of CuO alleviated the abrasion 
and improved its mechanical strength. Therefore, the developed com
posites exhibited great stability in active component content during 
long-term CLCA operation. 

The oxygen capacity and redox ability after multiple cycles were 

characterized with TGA (Fig. 10). All composites could be decomposed 
at N2 atmosphere, and lost more weight with the reduction of CO. Due to 
oxygen uncoupling property, CuO was decomposed into Cu2O and 
gaseous oxygen. For the fresh composites, the oxygen uncoupling ca
pacities of CuMABa and CuMASr (in Table S1) were 3.04 wt% and 3.02 
wt%, respectively, which were higher than that of CuMA (2.76 wt%), 
thus the introduction of sorbents enhanced the release of gaseous oxy
gen. Notably, the decomposition rates of regenerated composites were 
significantly faster than that of fresh ones, although there was no dif
ference between oxygen uncoupling capacities of fresh and regenerated 
composites. It could be attributed to the migration of Cu/CuO to surface 
during redox cycles, which facilitated the diffusion of generated gaseous 
oxygen on the surface, leading to the acceleration of the oxygen 
uncoupling process. For the reduction under CO/N2 atmosphere, there 
was no significant difference among the TG curves of all composites, and 
the total oxygen capacities were approx. 6 wt%. Hence, the multiple 
cycles did not influence the redox ability and oxygen capacity of each 
composite. 

The comparison of CO-TPR profile between fresh and regenerated 
OCSs is shown in Fig. 11. For CuMABa, after 5 or 20 CLCA cycles (with 
SR), the second reduction peak (320–340 ◦C) associated with the 
reduction of Cu2MgO3 gradually disappeared, which was consistent with 
the disappearance of Cu2MgO3 in the XRD patterns (Fig. 9). The 
reduction peak at approx. 220 ◦C was corresponding to the reduction of 
CuO. However, after 5 CLC cycles (without SR), another reduction peak 

Fig. 7. Concentrations of gas products during CLCA process: (a–c) First cycle; (d) CuMABa in 20 cycles; (e) CuMASr in 20 cycles (SR: TSR = 900 ◦C, CH2O = 60 vol%).  
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was observed located at approx. 360 ◦C. For CuMASr, the high- 
temperature reduction peak (approx. 400 ◦C) also appeared after 5 
CLC cycles. The higher reduction temperature could be attributed to the 
sintering or melting of chlorinated products with low melting points 
(BaCl2: 969 ◦C, SrCl2: 874 ◦C), which impacted the contact between 
active phase CuO and CO. Compared with CuMABa, the lower melting 
point of SrCl2 led to more severe deactivation, thus CuMASr had a higher 
reduction temperature of approx. 400 ◦C. After 5 CLCA cycles, the 
reduction peak was shifted to lower temperature and nearly disappeared 
after 20 CLCA cycles. Due to the lower regenerability of Sr sorbent, the 
high-temperature reduction peak was still visible after 5 CLCA cycles, 
but located at a lower reduction temperature (approx. 370 ◦C). There
fore, for CuMABa and CuMASr, the SR alleviated the deactivation effect 
of chlorine, and the redox ability remained stable during long-term 
CLCA cycles. 

Generally, the porosities of CuO-based OCs tended to deteriorate 
after redox cycles due to the thermal sintering [48,51]. The porous 
properties of the composites before and after cyclic CLCA process are 
shown in Fig. 12. The BET surface areas of fresh CuMABa and CuMASr 
were 8.74 and 7.43 m2/g, respectively. After 5 cycles, the surface areas 
were decreased by 24.8% (6.57 m2/g) and 19.4% (5.99 m2/g), and 
further decreased to 5.48 and 5.84 m2/g after 20 cycles, respectively. 
This was accompanied by the decrease in the pore volumes of the 

Fig. 8. FESEM images of composites before and after cyclic CLCA reactions (SR: TSR = 900 ◦C, CH2O = 60 vol%).  

Fig. 9. XRD patterns of OCS composites after 5 and 20 cycles (SR: TSR = 900 ◦C, 
CH2O = 60 vol%). 
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composites as the cycle number. The decrease in porosity could be 
attributed to the formation of dense surface, which did not influence the 
combustion activity during 20 cycles. Considering the decrease rate of 
surface area and pore volume per cycle, the decrease of porosities during 
6-20th cycles were much slower than that of 1-5th cycles, suggesting 
that the porosities of composites were gradually stabilized during cycles. 

The crushing strength of composites is shown in Table 3. Generally, 
an OC is unsuitable for use in an interconnected fluidized bed if its 
crushing strength is lower than 1.0 N [52,53]. According to the results, 
the composites exhibited great crushing strength of higher than 4 N. 
After 5 and 20 cycles, there were no significant changes. Therefore, the 
synthetic composites in this study had great mechanical strength in the 
fluidized bed application for chemical looping process. 

The XRD, EDS and CO-TPR characterization methods exhibited the 
outward migration of Cu species during multiple redox cycles, which 
could be explained by the Kirkendall effect [54,55]. Due to the higher 
diffusivity of Cu cations than oxygen anions, the oxidation stage drove 
Cu outward, but the subsequent reduction reaction did not provide a 
driving force for the Cu cations to diffuse inward [56]. The multiple 
redox cycles led to the separation of support and Cu within particles and 
continuous enrichment of Cu on the particle surface [57]. In the current 
composite particle, the outward diffusion of Cu caused the separation of 
Cu and MgO and the exsolution of CuO from Cu2MgO3 during redox 

Table 2 
Composition of composite material analyzed by ICP-OES (wt%, converted in metal oxides, SR condition: TSR = 900 ◦C, CH2O = 60 vol%).   

Fresh After 5 CLCA cycles After 20 CLCA cycles  
CuMA CuMABa CuMASr CuMABa CuMASr CuMABa CuMASr 

MgO  18.9  16.4  16.0  16.4  16.0  16.5  16.3 
Al2O3  45.9  39.5  39.5  39.4  39.9  39.3  38.7 
CuO  36.0  36.3  36.4  36.4  36.6  35.9  35.6 
BaO  –  7.3  –  6.8  –  6.7  – 
SrO  –  –  7.9  –  7.9  –  7.8  

Fig. 10. TGA profiles of composites before and after cyclic CLCA process (SR: 
TSR = 900 ◦C, CH2O = 60 vol%). 

Fig. 11. CO-TPR profiles of composites before and after CLC (without SR) and CLCA (SR: TSR = 900 ◦C, CH2O = 60 vol%) process.  

Fig. 12. Porosities of composite particles before and after CLCA cycles (SR: TSR 
= 900 ◦C, CH2O = 60 vol%). 

Table 3 
Crushing strength of fresh and regenerated composites (N, SR: TSR = 900 ◦C, 
CH2O = 60 vol%).   

Fresh After 5 CLCA cycles After 20 CLCA cycles 

CuMABa 4.2 ± 1.7 5.2 ± 1.7 5.0 ± 1.6 
CuMASr 4.1 ± 1.1 4.2 ± 1.3 4.3 ± 1.4  
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cycle, hence only CuO could be observed in several characterization 
methods. Although the Kirkendall effect could induce the agglomeration 
tendency for the particles, it was not enough to cause the deactivation 
and defluidization during 20 cycles. 

4. Conclusion 

The performance of HCl removal, syngas combustion, and thermal 
behavior of Cu-Mg-Al-Ba/Sr composites were investigated. The syn
thetic composites exhibited great reactivity and stability during multiple 
CLCA cycles. Nearly full combustion of MSW syngas was achieved with 
excellent stability during 20 CLCA cycles. The increase of H2O content 
and temperature of SR stage facilitated to regenerate sorbent and lower 
the HCl emission of FR stage. The SR condition could be optimized at 60 
vol% H2O content and 900 ◦C, which would be favorable for auto- 
thermal operation. The HCl adsorption at FR stage and desorption at 
SR stage gradually increased at the initial cycles and tended to be stable 
in the subsequent cycles. CuMABa composite exhibited better HCl 
adsorption performance than CuMASr during 20 CLCA cycles, owing to 
its better regenerability. 

The porosities, redox abilities and elemental compositions of the 
composites remained stable during long-term cycles. The migration of 
Cu/CuO to the particle surface resulted in the slight agglomeration 
leading to the slight decline of porosity, but avoided the regeneration of 
Cu2MgO3 and improving the oxygen uncoupling kinetics. The good 
mechanical strength and the formation of BaAl2O4 and SrAl2O4 stabi
lized the content of active components (Cu, Ba, Sr), leading to the stable 
capacities of syngas combustion and HCl adsorption. Therefore, the 
synthetic Cu-Mg-Al-Ba is a promising composite for CLCA process of 
MSW syngas. 
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