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ABSTRACT 
 Chemical looping combustion technology enables 
low-energy CO2 capture and is a promising low-carbon 
utilization approach for fossil fuels. As a solid-phase 
reactant, the oxygen carrier must undergo repeated 
involvement in the chemical looping process. In contrast 
to conventional approaches based on circulating 
fluidized beds or moving beds, this study proposes a 
simulated moving bed (SMB) reactor using multiple 
fixed beds arranged in both series and parallel 
configurations. By implementing a programmed gas-
switching strategy, the reactor achieves the 
approximation of a steady-state moving bed process 
through inherently unsteady fixed-bed operations. By 
controlling gas inlet positions, the system can flexibly 
operate under either co-current or counter-current flow 
conditions. This novel reactor design features a 
simplified structure and mitigates the stringent 
requirements for mechanical strength and wear 
resistance of oxygen carrier materials typically 
associated with conventional moving bed reactors, 
while retaining the advantages of high fuel conversion 
efficiency and oxygen carrier utilization rate inherent to 
moving bed systems. We experimentally investigate 
fundamental reactor characteristics in the reduction 
stage of the chemical looping combustion process, 
including the weight hourly space velocity (WHSV) and 
the corresponding number of fixed-bed reactors in 
series. The optimal WHSV was determined to be 0.036 
h-1 for 1073K and three reactors, under which the 
methane conversion and CO2 selectivity reached 99.23% 
and 94.99%, respectively. Based on the identified 
optimal operating conditions, we introduce a gas-
switching strategy for the novel SMB reactor. 
Experimental results demonstrated that the proposed 
novel chemical looping combustion method exhibits 
favorable performance and stability, offering a new 

pathway for the low-carbon utilization of fossil fuels 
through chemical looping technologies. 
 
Keywords: chemical looping combustion; CO2 capture; 
simulated moving bed reactor  

NONMENCLATURE 

Abbreviations  
CLC Chemical looping combustion 
OC Oxygen carriers 
SMB Simulated moving bed 
TGA Thermogravimetric analysis 
WHSV Weight hourly space velocity, h-1 
Symbols  
αCH4 Methane conversion, % 
in Inlet 
mCH4 Mass flow rate of methane, g/h 
MOC Mass of oxygen carriers, g 
out Outlet 
ox Oxidation 
red Reduction 
SCO2 CO2 selectivity, % 

vi 
Volumetric flow rate of gas species i, 
Nml/min 

XC Carbon deposition, % 

yi 
Corresponding percentage of gas 
species i, % 

1. INTRODUCTION 
Global carbon emissions remain inadequately 

controlled, and the global climate continues to be 
threatened by greenhouse gases. Carbon emission 
mitigation technologies remain a prominent focus of 
current research. Chemical looping combustion (CLC) 
has attracted significant attention as a promising and 
low-cost carbon capture technology[1]. As shown in 
Fig.1, utilizing metal oxides as oxygen carriers (OC), CLC 
leverages OC cyclic redox behavior to decompose the 
conventional direct combustion process. By eliminating 
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direct contact between fuel and air, the technology 
effectively prevents nitrogen dilution and the associated 
increase in energy consumption for carbon capture, 
thereby enabling nearly zero-energy in-situ CO₂ 
separation[2]. 

In the CLC process, the performance of oxygen 
carriers and the design of reactor configurations are 
critical factors influencing controllability and potential 
for industrial-scale application. The selection of an 
appropriate reactor design must match the 
characteristics of the fuel and oxygen carrier involved. 
Common reactor types in CLC systems include fluidized 
beds[3, 4], moving beds[5], and packed beds[6, 7], while 
more specialized designs, such as rotating bed 
reactors[8] and dense membrane reactors[9], have also 
been explored. 
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Fig. 1 Schematic diagram of CLC reaction 

In configurations such as fluidized or moving bed 
reactors, the continuous redox reactions inherent in CLC 
necessitate the circulation of solid oxygen carriers 
between the fuel reactor (reducer) and the air reactor 
(oxidizer). This solid transport imposes strict demands 
on the mechanical strength of the materials. Despite 
the use of advanced materials, friction and collision 
among particles often lead to considerable attrition and 
degradation[10]. In contrast, packed bed reactors 
immobilize the oxygen carrier within the reactor, and 
alternate redox reactions are realized through periodic 
switching of the gas atmosphere. This approach 
mitigates material wear, prolongs the operational 
lifetime of the oxygen carriers, and eliminates the need 
for auxiliary components such as gas-solid separators, 
resulting in a more simplified and compact reactor 
system. 

Chen et al.[11] proposed a semi-batch fixed-bed 
process for chemical looping combustion, drawing 
inspiration from the operational principles of simulated 
moving bed (SMB) reactors. By modularizing the reactor 
units, they explored process intensification strategies 
for chemical looping combustion and addressed the 
scheduling problem of reaction modules through 
dynamic optimization of operation times in different 

reaction stages. Zou et al.[12] further developed a dual 
fixed-bed parallel configuration and successfully 
demonstrated a continuous chemical looping 
combustion process in experimental settings. However, 
experimental investigations applying SMB reactor 
concepts to chemical looping processes remain limited 
to date. 

In this study, the operating principle of SMB 
reactors was investigated to better accommodate the 
gas-switching requirements of chemical looping 
reactions. A comprehensive evaluation of the Ni-based 
oxygen carrier developed by our research group was 
conducted using thermogravimetric analysis (TGA) and 
SMB reactor experiments. The fundamental conditions 
necessary for SMB operation were identified, and a 
stable carbon capture performance was achieved under 
a hybrid serial-parallel configuration. Long-term cyclic 
operation further validated the effectiveness of both 
the selected oxygen carrier and the implemented 
switching logic. 

2. MATERIALS AND METHODS  

2.1 Material synthesis 

In this study, a Ni-based oxygen carrier supported 
on an inert Al₂O₃ matrix was used. This industrial-grade, 
granulated oxygen carrier was previously developed by 
our research group, with its detailed synthesis 
procedure thoroughly documented in [13], along with a 
set of foundational characterization results. Building 
upon this prior work, the present study utilizes the 
same oxygen carrier to experimentally investigate the 
performance of a serial-parallel fixed-bed configuration 
adapted in a SMB chemical looping combustion process, 
as well as to explore the process design and operational 
strategy. 

2.2 Experiment setup and test procedure 

2.2.1 Design and operation strategy of the SMB 

The constructed multi-reactor system consists of 
four identical small-scale fixed-bed reactors arranged in 
a serial-parallel configuration. Each reactor is equipped 
with an independent gas supply line and vaporizer. 
Unlike a purely parallel arrangement of four separate 
reactors, this configuration enables sequential 
interconnection of the reactors via electrically 
controlled pneumatic three-way valves. This design 
allows multiple reactors to participate in the reaction 
process simultaneously. 
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Fig. 2 illustrates the basic operational logic of the 
SMB system. Reactors A, B, and C are connected 
through the selective actuation of pneumatic three-way 
valves, enabling flow communication between adjacent 
units. A specific reactant, such as methane or other 
reducing gas mixtures, is introduced through the inlet of 
Reactor A, initiating the reduction or hydrogen 
production stage. Reactor D, on the other hand, 
operates in a cyclic sequence consisting of purge, 
oxidation, purge, and reduction stages. 
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Fig. 2 Schematic diagram of (a) gas-switchin the gas-

switching strategy in the SMB, and (b) a representative 
operational state 

2.2.2 Thermogravimetric analysis 

The mass loss of the oxygen carrier particles was 
examined in a thermogravimetric analyzer (DTG-60H, 
SHIMADZU). Approximately 50 mg of oxygen carrier was 
placed in an alumina crucible and heated from room 
temperature to the target temperature under a flow of 
pure N₂. The reduction stage was carried out by 
introducing methane for 10 minutes, followed by an 
oxidation stage with air for 20 minutes. A 2-minute 
nitrogen purge was applied between the two stages to 
prevent gas mixing within the TGA chamber. 

To minimize structural and performance 
alterations of the particles due to thermal stress, the 
heating and cooling rates were strictly controlled at 
10 °C/min. Methane was used as the reducing gas in a 
CH₄: Ar ratio of 1:6, with nitrogen serving as the inert 
diluent. Thermogravimetric experiments were 
performed across a temperature range of 600–800 °C, 
and the corresponding weight loss was recorded. Based 
on these measurements, the maximum methane 
conversion capacity per unit mass at each specific 
temperature was calculated. 

2.2.3 Fixed-bed experiments 

Parameter optimization of the fixed-bed chemical 
looping process was conducted to identify the optimal 
reaction conditions by varying key parameters such as 
temperature, the number of connected reactor 
segments, and WHSV. During the reduction stage, the 
oxygen carrier was exposed to a reducing atmosphere 

for 10 minutes. To facilitate accurate analysis of the gas 
composition at the reactor outlet, methane injection 
was stopped after the reduction period, while the flow 
of argon (used as the carrier gas) was maintained at a 
constant rate. This ensured the complete purging of 
carbon-containing and reducing gases, with the purge 
phase lasting for 20 minutes. 

Subsequently, an excess air flow (150 mL/min) was 
introduced under the same argon carrier flow 
conditions for 15 minutes to ensure complete 
reoxidation of the oxygen carrier. Finally, the argon flow 
rate was increased to 200 mL/min and maintained for 
an additional 10 minutes to purge residual gases from 
the system. An online mass spectrometer (Pfeiffer 
Omnistar GSD 320) was used to monitor the 
concentration of outlet gas continuously during the 
reaction. 

2.2.4 SMB experiments 

Based on the results obtained from the 
thermogravimetric analysis and fixed-bed experiments, 
an operational protocol for the SMB system was 
designed. The reducing atmosphere was maintained 
with a CH₄: Ar ratio of 1:6, consistent with previous 
tests. Three reactors were connected in series to 
function collectively as the reduction section, while the 
fourth reactor operated independently as the oxidation 
reactor. 

Following the oxidation and purge stages of the 
standalone oxidation reactor, it was sequentially 
integrated into the reduction section by connecting it to 
the reactor series at a designated switching time. 
Simultaneously, the reactor at the opposite end of the 
reduction series was disconnected and reassigned as 
the new oxidation reactor, initiating its own oxidation 
and purge cycle. This cyclic switching approach was 
designed to simulate the continuous movement of 
reaction zones within the SMB configuration. Only the 
outlet gas from the reduction reactor was analyzed by 
the online mass spectrometer. 

According to previous studies [11], at least three 
redox cycles are required for the system to reach a 
steady state. To ensure the reliability and stability of the 
results, a total of 20 switching operations were 
performed, corresponding to five complete redox 
cycles, given that the SMB system consists of four 
reactors. 

2.3 Data evaluation 
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The trends of CH4 conversion rate and CO2 
selectivity are related to the weight hourly space 
velocity (WHSV, h-1) which is calculated by: 

 4CH

OC

m
WHSV

M
=  (1) 

where mCH4 (g/h) represents the mass flow rate of 
CH4, and MOC (g) denotes the mass of the oxygen carrier 
loaded in the reactor. 

The instantaneous concentration profiles of 
various gas species in the reactor outlet were 
determined using online mass spectrometer. A constant 
flow of argon was introduced into the reactor as an 
internal standard gas to maintain a stable composition 
of the reducing atmosphere. This approach enabled 
accurate calculation of the instantaneous flow rates of 
the individual gas components. The instantaneous 
volumetric flow rate at the reactor outlet is defined as 
follows: 

 Ar i
i

Ar

v y
v

y


=  (2) 

where vi (Nml/min) represents the volumetric flow 
rate of gas species i, and yi (%) denotes the 
corresponding percentage of gas species i as measured 
by mass spectrometer. 

Based on the above gas volume conversion 
method, the methane conversion (αCH4, %), carbon 
deposition (XC, %) calculated by carbon balance and CO2 
selectivity (SCO2, %) were calculated by: 
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where vCH4, in (Nml/min) and vCH4, out (Nml/min) 
represent the volumetric flow rate of CH4 at the inlet 
and outlet of the reactor during the reduction stage, 
respectively, and red and ox represent the reduction 
and oxidation stages, respectively. 

3. RESULTS AND DISCUSSION 

3.1 TGA tests 

Thermogravimetric methane reduction tests were 
conducted on the previously synthesized oxygen carrier 

material. As shown in Fig. 3, under a controlled reducing 
atmosphere, the material exhibited weight losses of 
approximately 2.49%, 2.53%, and 3.02% at different 
temperatures. These values were used to estimate the 
theoretical maximum methane processing capacity per 
gram of oxygen carrier, providing guidance for 
subsequent experimental design. 

The results indicated that under the given reducing 
atmosphere, the material rapidly reached its maximum 
weight loss at each temperature, after which carbon 
deposition occurred, leading to an increase in mass. As 
the temperature increased, the maximum amount of 
carbon deposition first increased and then decreased. 
This trend may be attributed to the interplay between 
two competing effects. Although carbon deposition 
from the catalytic decomposition of methane typically 
increases with temperature, the oxygen release 
capability of the oxygen carrier is also enhanced at 
elevated temperatures. This oxygen release suppresses 
carbon formation, and the combined influence of these 
temperature-dependent phenomena accounts for the 
observed behavior. 

 
Fig. 3 Mass-loss profiles for methane reduction tests in 

TGA. 

3.2 Fixed-bed reaction tests 

The effects of temperature, the number of reactor 
segments, and gas flow rate were investigated. Three 
temperature setpoints, such as 600 °C, 700 °C, and 
800 °C, were selected for testing. The gas flow rate was 
controlled by varying the inlet methane volumetric flow 
rates at 2.5, 5, 7.5, and 10 NmL/min. The number of 
reactor segments connected in series was set to 1, 2, or 
3. Each fixed-bed reactor had a solid bed height of 
approximately 32 mm and an inner tube diameter of 
8 mm.  
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(a)                    (b) 
Fig. 4 Effects of WSHV and temperature on (a) CH4 

conversion, CO2 selectivity, and (b) carbon deposition in 
fixed-bed reaction systems 

The results presented in Fig.4 and Fig.5 indicate that 
under constant temperature and reducing atmosphere 
composition, higher gas flow rates accelerate the onset 
of partial oxidation and carbon deposition, thereby 
reducing the selectivity toward CO₂. As temperature 
increases, methane conversion improves while carbon 
deposition decreases. This behavior can be attributed to 
the thermodynamic and kinetic benefits of higher 
temperatures, which enhance reaction rates and shift 
the equilibrium toward methane consumption. These 
trends are broadly consistent with thermodynamic 
predictions. At 800 °C, nearly complete methane 
conversion is achieved with negligible carbon 
deposition. If the temperature is further increased, it 
would, on one hand, elevate the required energy level 
for the reduction stage; on the other hand, it may shift 
the equilibrium of the Boudouard reaction, thereby 
influencing the CO₂ selectivity. 

3.3 SMB reaction tests 

To avoid carbon deposition, a conservative 
methane flow rate of 5 NmL/min was selected for 
preliminary experiments. This operating condition 
demonstrated a range of representative reaction 
phenomena, including complete oxidation, partial 
oxidation, and carbon deposition, during fixed bed tests 
conducted over the temperature range of 600–800 °C. 
Based on this baseline condition, we investigated the 
switching behavior of the SMB system. A stable carbon 
capture performance was achieved through 
optimization of the switching sequence. 

3.3.1 Effect of stage timing configuration in SMB 
operation 

The time allocation among reduction, oxidation, 
and purge stages in the gas-switching sequence of the 
SMB reactor has a direct influence on reactor 
performance. Initially, the reduction atmosphere in the 
reduction section was maintained for 12 minutes, while 
the oxidation stage consisted of 10 minutes of air 
injection followed by 2 minutes of purging with argon at 
200 Nml/min. 

As shown in Fig. 5(a), a noticeable dip in CO₂ flow 
rate was observed between switching intervals. This 
occurs due to residual argon purge gas remaining in the 
newly connected reactor. When combined with the 

inherent back-mixing behavior of fixed-bed systems, it 
dilutes the CO₂ product, lowering its concentration and 
impairing carbon capture performance. Simultaneously, 
the reactor being disconnected from the reduction 
section may still contain unreacted gases or CO₂ 
generated during the previous stage.  

To mitigate this transient fluctuation, we 
introduced a time-matched intermediate stage to both 
the reduction and oxidation sections. In the reduction 
section, methane feeding was stopped while 
maintaining the carrier gas flow, and the reactor was 
only disconnected after a defined purge duration. In 
parallel, the reactor to be switched into the oxidation 
section was pre-conditioned by introducing the same 
reducing atmosphere for an equal duration prior to 
connection. This pre-reduction step not only removes 
residual purge gas but also helps re-establish a solid-
phase redox gradient within the bed, ensuring a higher 
degree of oxidation away from the gas inlet.  

 
Fig. 5 Effect of Pre-Purging Time on the Stability of 

Outlet Gas Composition 
As illustrated in Fig. 5(b)-(d), the implementation of 

this approach reduced the CO₂ output fluctuation. 
Moreover, there seems to be an optimal transition 
duration between 0 and 2 minutes, at which 
fluctuations are minimized or even eliminated. 
3.3.2 Behavior of the SMB System in co-current flow 
configuration 



 

6 

In practical moving bed reactors, the relative flow 
directions of gas and solid phases can be manipulated. 
Similarly, in SMB systems, the co-current or counter-
current configuration can be adjusted by connecting the 
oxidized reactor either at the gas inlet side or the gas 
outlet side of the reduction section. 

It was observed that under co-current flow 
conditions, the outlet gas composition exhibited 
characteristics of partial oxidation. This observation 
indicates that the SMB system has the potential to 
control the reaction pathway by adjusting the oxygen 
concentration gradient within the oxygen carrier bed. 
Depending on this gradient, the process can be directed 
toward either chemical looping combustion or chemical 
looping partial oxidation for hydrogen production. 

 
Fig. 6 The composition of outlet gas under co-current 

flow conditions 

4. CONCLUSIONS 
This study presents an experimental investigation of 

a novel SMB reactor for methane chemical looping 
combustion with near-zero CO₂ emissions. A modular 
fixed-bed system consisting of four independently 
controlled reactors was used to emulate continuous 
redox cycling via automated gas switching. A Ni-based 
oxygen carrier supported on Al₂O₃ was evaluated under 
various conditions, with performance assessed through 
thermogravimetric analysis and fixed-bed reactor tests. 
Key operating parameters, including temperature, 
methane flow rate, and gas-switching sequence, were 
systematically varied to explore their influence on 
methane conversion, CO₂ selectivity, and carbon 
deposition.  

The results demonstrate that stable and efficient 
CLC performance can be achieved by carefully tuning 
the operating strategy. Higher temperatures enhanced 
methane conversion and suppressed carbon deposition, 
while gas residence time and flow configuration 
influenced reaction pathways. Introducing appropriate 
pre-purging steps and optimizing the switching 
sequence effectively reduced CO₂ concentration 
fluctuations at the reactor outlet. Moreover, the SMB 

system exhibited flexibility to operate in both full 
combustion and partial oxidation modes, controlled by 
the flow direction. This work confirms the feasibility of 
SMB-based CLC and offers insights into its potential as a 
scalable and energy-efficient approach for low-carbon 
methane utilization. 
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