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Abstract  
 This work studied the performance of mixed oxygen carriers those consist of calcium 
sulphate and metal oxides in chemical looping combustion (CLC) process of gaseous and solid 
fuels. The effects of calcium sulphate and metal oxides mixing ratios, temperature and operation 
time were investigated. The reduction-oxidation cycles were performed to explore the stability of 
oxygen carriers. The CLC process of gaseous fuel and solid fuel were carried out in fixed bed 
reactor and fluidized bed reactor, respectively. In the CLC process of methane, the calcium 
sulphate mixed with magnesium oxide andcalcium sulphate mixed with iron (III) oxide were used as 
oxygen carriers. By using calcium sulphate mixed with magnesium oxide, the results revealed that 
the suitable condition was 950oC and 30 wt.%MgO/CaSO4. Moreover, the results from reduction-
oxidation cycle test showed that the mass fraction of regenerated oxygen carrier was more than 
60% after 4th cycles. 
 In the CLC process of methane, the mixture of calcium sulphate and iron (III) oxide was 
also studied as oxygen carrier. The results demonstrated that the suitable mixing ratio was 20 
wt.%Fe2O3/CaSO4 and illustrated the new compound (Ca2Fe2O5) which probably contributed to the 
reaction acceleration and prevention of bed agglomeration. This mixed oxygen carrier was applied 
into CLC process of coal. The fluidized bed reactor was used to improve the well mixing of fuel 
and oxygen carrier. The results showed that the reaction was finished within 1 hr and carbon 
dioxide was the main gaseous product. The results from 3 reduction-oxidation cycles test revealed 
that reduction rate was highest at the first cycle and then decreased in the second and third cycle. 
However, by means of carbon dioxide generation and the area under a curve, the results illustrated 
almost equal values obtained from the second and third cycles. Therefore, Fe2O3/CaSO4 oxygen 
carrier could provide the stability during CLC process of coal. 
Keywords :Chemical looping combustion, Calcium sulfate, Coal, Methane 
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 The carbon dioxide (CO2) emission from coal and fossil fuel combustion causes 
greenhouse effect. Since CO2 has high residence time in the atmosphere which is approximately 
300 years, it is considered as the gas which makes high contribution to the greenhouse effect [1]. 
The decrease of CO2 emission is thus urgently necessary to protect environment from this 
problem. The CO2 Capture and Storage (CCS) is one attractive optional for reducing net CO2 
emission. This technology produces the concentrated stream of CO2, then transport and storage it 
into a suitable storage location for a long period of time. The CO2 capture, transport and storage 
processes were overviewed in yIPCC special report on carbon dioxide capture and storagez [2]. 
Considering the CO2 capture, there are three main approaches applying in industry and power 
plant: (i) post combustion, (ii) oxy-fuel combustion, and (iii) pre combustion. For post combustion, 
CO2 is captured from the exiting flue gas. This approach offers main advantage as it can be 
applied to the existing technologies without radical changes [3]. In oxy-fuel combustion, the pure 
oxygen is used instead of air oxygen and recycled combustion gases producing concentrated CO2 
which are readily separated [4]. Finally, pre-combustion combines WGS converting CO to CO2 and 
bulk CO2 removal with solvents [5]. 
 Among these approaches, pre-combustion capture offers some advantages and favors for 
an integrated gasification combined cycle (IGCC). One of several advantages of pre-combustion 
capture is the high removal capability of concentrated CO2 in synthesis gas under high pressure, 
providing a smaller size of a CO2 removal unit compared to that used in post-combustion capture 
process at atmospheric pressure [6]. Regarding to the report from The U.S. Department of 
Energy's Carbon Sequestration Program, several technologies related to pre-combustion capture 
were discussed [6]. Chemical Looping Combustion (CLC) is one of pre-combustion process which 
has been conducted in laboratory-scale and pilot scale [7]. CLC is the indirect combustion process 
which fuel is reacted with oxygen transferred from solid oxygen carrier, instead of air or gaseous 
oxygen. It is carried out in two fluidized beds: air reactor and fuel reactor. In air reactor, a metal-
based compound is oxidized with air to form an oxide form. An oxide form of metal-based 
compound is then introduced to the fuel reactor. In this reactor, the oxide is reduced to the metal 
form by the fuel. The gas with a high concentration of CO2 is produced consequently which can be 
captured and sequestered. The reactions in air reactor and fuel reactor were shown in Eq. (1) and 
(2), respectively [6], and the diagram of CLC system are illustrated in Fig. 1. 
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 Air Reactor:  2Me (metal-based compound) + O2→ 2MeO (an oxide form) (1) 
 Fuel Reactor:  CnH2m + (2n + m)MeO→ nCO2 + mH2O + (2n + m)Me  (2) 
 

 
Figure 1. General concept of CLC [8]. 

 
 There was reported that the CLC process have higher efficiency with lower capital cost and 
cost of electricity than a conventional solvent-based pre-combustion CO2 capture for IGCC power 
plant [9]. The CLC has potential for efficiency and cost savings for applying CLC concept to power 
plant and other related industry. 
 The selection of solid oxygen carrier is an important issue. The criteria for good oxygen 
carrier are including high reactivity with fuel, good fluidization properties, low cost, low risk for 
health and environment and high oxygen transfer capacity [7]. Metal oxides of Fe, Ni, Co, Cu, Mn, 
and Cd as well as the metal oxides on different solid supports have been used as solid oxygen 
carrier for CLC of gaseous fuels. Their properties and efficiencies were compared in some 
literatures [1, 10, 11]. Nickel and cobalt exhibit the highest risk during operation. The Ni derived 
compounds from the air-reactor have carcinogenic properties whilst Co is expensive and also 
involves health and safety aspects. On the other hand, Fe and Mg are considered as non-toxic 
materials for CLC applications. However, Ni-based oxygen carriers (NiO on support materials) 
show highest lifetime values and do not present the agglomeration problem at typical temperatures. 
Cu-based oxygen carriers had a higher tendency to defluidization due to low melting temperature 
of Cu.  
 Recently, the performance of using calcium sulfate (CaSO4) metal oxide oxygen carriers 
have been investigated because of its advantages [12-15]. The oxygen transport capability of 
CaSO4 is greater than Ni-based oxygen carrier and other metal oxides. It is very cheap since it is a 
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stable sulfate which distributes widely in all regions over the world including Thailand. Moreover, 
CaSO4 is environment friendly and seem favorable for the CLC system. The general reactions of 
CaSO4 in fuel reactor are shown as followed [1]. 
 CaSO4 + CH4→CaS + CO2 + 2H2O       (3) 
 CaSO4 + 4H2→CaS + 4H2O        (4) 
 CaSO4 + 4CO →CaS + 4CO2       (5) 
 The simulation performed using the ASPEN Plus software-package showed that only trace 
amount of CO and H2 remained after fuel reactor [16].  
 The big problem of using CaSO4 is the formation of CaO and SO2 as side reaction. The 
formed CaO cannot be converted to CaSO4 in the air reactor, resulting in the reduction of oxygen 
transport capacity and recyclability of CaSO4. This side reaction is dependent on the operating 
conditions, including temperature and gas composition, which is not completely understood yet. 
The additional researches are required to evaluate the relevance of this side reaction. The addition 
of other metal oxides to CaSO4 to improve the reactivity of oxygen carrier and reduce the CaO 
formation is investigated in some literatures [15, 17, 18]. The literatures revealed that the additional 
metal oxides such as CaO and Fe2O3 reduce the chance of CaSO4 reduction to CaO whilst the 
oxygen transfer capacity of CaSO4 is maintained.  
 Besides applying the CLC into natural gas combustion, CLC is also applied to IGCC power 
plant which uses coal as a primary fuel [15, 19]. In this case, coal is pyrolyzed and gasified with 
steam into gaseous fuel via Eq. (6) [15] and then the syngas is oxidized by CaSO4 to CO2 and 
H2O. CaSO4 can be used as an oxygen carrier in this process. 
 Coal → CH4 + gaseous hydrocarbons + tar + CO2, CO, H2 + H2O + char  (6) 
 To improve the performance of CaSO4 for CLC process, this work investigated the effects 
of CaSO4/additive ratios, temperatures and operating times on the reduction reaction and 
recyclability. MgO was selected as the additive since it is also the natural metal oxide that can be 
found all over the world as well as CaO, may be in form of dolomite. Therefore, it is expected to 
help in the same manner as CaO. Moreover, the CLC processes for CH4 combustion and coal 
combustion were compared. In case of coal combustion, the effect of CaSO4 (with/without 
additive)/coal ratios were also evaluated. 
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 CLC process for gaseous fuel 
 Wang, B. et al. (2011) [20] conducted thermodynamic simulations to investigate the sulfur 
distribution in a CLC system with CaSO4 as oxygen carrier and syngas derived from coal as the 
fuel. The simulation results indicated that, in fuel reactor, at 100oC�400oC, the main sulfur species 
and carbon deposit were H2S and CaCO3. At 400

oC �915oC, CaS and CO2 were the main products 
and both products increased with increasing temperature of fuel reactor. At above 915oC, CaO 
appeared and the percentages of CaO, H2 and CO increased due to the side reaction. Therefore, 
lattice oxygen was not enough at this temperature range. In the air reactor, the CaS was oxidized 
by air into CaSO4 as dominant reaction. Sufficient supply of air at 915

oC and atmospheric pressure 
was important for the oxidization of CaS and prevention the emission of SO2 and formation of CaO 
as well. 
 Ding, N. et al. (2013) [12] studied the CLC of CH4 with CaSO4 oxygen carrier prepared by 
impregnation in fixed bed reactor. The effects of reaction temperature, CH4 percent, particle size 
and sample mass on reduction (fuel reactor) were discussed. The results revealed that the suitable 
reaction temperature is around 925oC. The lower in CH4 percent and higher in sample mass 
inhibited carbon decomposition but increased gas conversion. The particle size has a little effect on 
the reduction. The Ni-Fe mixed additive greatly improved the reactivity of CaSO4. X-ray diffraction 
analysis illustrated that CaSO4 could be fully reduced into CaS which was also almost regenerated 
into CaSO4. 
 Zhang, S. et al. (2013) [17] suggested that SO2 emission in CLC process limits practical 
application of CaSO4. The authors investigated the use of Fe2O3/CaSO4 composite oxygen carriers 
with different Fe2O3 loading contents prepared by impregnation method to inhibit SO2 release and 
enhance the reactivity of CaSO4. The experiments were conducted in a laboratory scale fixed-bed 
reactor under CO�H2�N2 atmosphere. The results showed that Fe2O3/CaSO4 oxygen carrier 
revealed its promising aspect and could be a good candidate in CLC. Over 85% SO2 released from 
the decomposition of CaSO4 alone was inhibited by Fe2O3/CaSO4 oxygen carriers (> 5 wt% Fe2O3 
loading). Therefore, Fe2O3 could help CaSO4 reducing to CaS and raise the calcium sulfide yield. 
Moreover, higher conversion of CO and H2 obtained at higher temperature and Fe2O3 loading 
content. Redox cyclic tests showed that Fe2O3/CaSO4 oxygen carrier had better recyclability and 
stability than CaSO4 alone.  
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 Pans, M.A. et al. (2014) [21] evaluates the performance of a low cost material including iron 
ore (mainly Fe2O3) as an oxygen carrier for CLC. The CH4, syngas and a PSA off-gas were used 
as fuels. The oxygen carrier was able to fully convert syngas at 880 °C, excepting in case of using 
CH4 as fuel. The Ni-based oxygen carrier was added to increase the reactivity in this case but its 
catalytic effect of Ni was not observed. However, the attrition and fluidization behavior of iron ore 
were satisfied for 56 hrs in the continuous 500 Wth CLC plant. Therefore, iron ore is a suitable 
oxygen carrier for syngas or gaseous fuels which mainly composed of H2 and CO. 
 SaurabhBhavsar et al. (2014) [22] investigated the use of iron- and manganese-based 
mono- and mixed-metallic oxygen carriers (MnxFe1-x�CeO2) supported on CeO2 as oxygen carriers 
in CLC. The H2 and CH4 were used as fuel. The results indicated that bimetallic carriers with high 
Fe content, which contain a FeMnO3 phase, exhibit reversible de-alloying/re-alloying behavior 
during cyclic redox operation, resulting in slowed reduction kinetics. However, Mn-rich carriers with 
small amount of Fe increased carrier reactivity and selectivity for total oxidation of methane, 
indicating the promise of appropriately designed FeMn carriers as low-cost, environmentally benign 
oxygen carrier materials for CLC combustion. 
 
 CLC process for solid fuel 
 Xiao, R. et al. (2012) [23] examined the potential of using iron ore as oxygen carrier in a 
pilot-scale unit consisting of two fluidized bed reactors of pressurized chemical-looping combustion 
(PCLC). The Shenhua bituminous coal was used as fuel. The experiments were operated for 19 
hrs with steady coal-feeding under three operation pressures (0.1, 0.3 and 0.5 MPa). The results 
revealed that PCLC of coal demonstrated many advantages over the conventional CLC of coal by 
means of higher carbon conversion in the fuel reactor, CO2 concentration of exhaust gas and 
combustion efficiency. The increase in pressure increased the loss of fine particles of iron ore. No 
agglomeration of iron ore particles occurred.  
 Song, T. et al. (2013) [14] used CaSO4 added together with hematite as a oxygen carrier 
for CLC of coal to reduce the CaO formation during reduction reaction. The CaO formation caused 
the sulfur species evolution and decreased reactivity of CaSO4. Experiments were carried out in a 
batch fluidized-bed reactor with ten reduction/oxidation cycles. The results showed that CaSO4 
oxygen carrier showed an increasing reactivity in the initial cycles but the side reactions were 
occurred toward the sulfur species (SO2 and H2S) formation. By the addition of hematite (about 
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7wt.%), the gaseous sulfur species was decreased in both reduction and oxidation processes while 
the coal conversion and CO2 capture were enhanced. 
 Zheng, M. et al. (2014) [15] studied the addition of small amount of natural ore to CaSO4 
oxygen carrier to improve its reactivity and stability in CLC. Fe2O3-based oxygen carrier was 
selected since it is inexpensive, has resistance to H2S for high-sulfur fuels and has higher reactivity 
compared to CaSO4. The results showed that the addition of Fe2O3 improves the performance of 
coal gasification and the subsequent conversion of syngas to CO2 and H2O. The chance of CaSO4 
reduction to CaO was reduced by coal syngas whilst the oxygen transfer capacity of CaSO4 is 
maintained. The optimum temperature in fuel reactor was shifted from 950oC to 900oC. The CO, 
SO2 and H2S in flue gas were decreased and CO2 was increased from 81.63% up to 95.35%.  
 
3. ��CD+,��*
	E�	�
��� 

1. ���������$��"��$��+�)�)� ������� !"��#�
$#	��%&��+�&	������#����������,�)($ 
!���"$�"���-��.�/������������!/1�!��!�0� 

2. �����23�4�,�/��&	������#�����6�$
��$�&6������
�����/��&	������#����!"��#�
$#	��%& 
3. �����23�4�,�/���5��	
���
����&6��7 ��6� �89(�-$� ���� 
��$�,�&6���������
�!���/��

���������� 
 

4.   ����;���@G;�@A�� 
1. ������������	

������
�/ �� 
2. ���!��!���� ���"������;���9* '�
$���"*������&�$�-�
�� 2 !�� 3 ���(�	�����������"$�

"���-��.�/��$��
� !������������"$�"���-��.�/��:6��(�� &�$����	� 
3. 
�����
���������23�4�,�/���5��	
&6��7 ��6� ,�/������� !"��#�
$#	��%& �	&���6��

��(�6��!"��#�
$#	��%&�6�$�	�&	������#�����6�$ �89(�-$� !������
����  &6�����������,�
)($ !���"$�"���-��.�/��$��
���������������
�/��$��
�!��� �
��������������
"��*���)����)#�* '�
���-�
�� 2 &	������#�����($6:-�����8���"������;���9* ����	��
�����
�X��$��
�!��)�'&����
��� ���& /���"������;���9*���	&���6����(�6��$��
�!��)�'&����

���/ ��"������;���9*��"�
�� 
���������$�89(�-$�/���"������;���9*�( �
6��	�
�����(�� !�0�
��)� 
��,6���/ ��8���9*
��"��$�
1�������( )�����"��!�6����
��+�/���(��!��!
�������!�0�
,��&�	9Y*)�  ����	��!�0�,��&�	9Y*!( ���,6���/ ��"�����!�0�'"�$�'
���%���������"���(*
��"*������ ���23�4������	�$��� �($6/��!"��#�
$#	��%&!��!"��#�
$#	�)%�*
��)� '�




11 
 

�������"������;���9*�� �$� �
&	������#������ !� �$��	������(�	�!�������	�)��,�'�
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;<MN>M6
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)� �&��
$�"������;���9*������� �����
����'�
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;< 2 �"������;���9*!������������(�	�����������"$�"���-��.�/��$��
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7. �@G;
���
 
7.1 
�����
���������23�4������
������������+�&	������#����/��!"��#�
$#	��%&!��

!"��#�
$#	��%&,�$�	�!$����#�
$���)#�*�������"$�"���-��.�/��$��
� 
� ����&��
$&	������#���� 

���&	������#���� (!"��#�
$#	��%&!��!$����#�
$���)#�*) $��,�)�6"��$�������
��
�89(�-$� 300 ��2��#��#�
� ���(�	�&	������#����,�$
���� �����
����"��!"��#�
$#	��%&!��
!$����#�
$���)#�* �&��
$'�
������
	�����$�,�$�	������$�9� �
��/��!$����#�
$���)#�*��&	���
���#����,�$"����+�� �
�� 5 10 30 !�� 50 '�
����(�	� 

� ���
���������23�4������ &	������#�������;�����
����	��	� 
(1) ����8�
!� � (quartz wool) 
��� ���6��/���"������;���9* &�$� �
�������8���-$���

������"������;���9*��$�"��$�-�/�����-$���������$�9 2 �#�&��$&� 
(2) �	������(�	�&	������#�����( $�����(�	���$ 8 ��	$���������8�����"������;���9*  
(3) ��.�!�0�)�'&����!��!�0�$��
��/ ��-6���� '�
$��	&�����)(� 45 !�� 5 $������&�

&6���
� &�$����	� �	��	&�����)(�!��"��$�/ $/ �/��!�0�/���� 
(4) �$���"��$�/ $/ �/��!�0�$��
�/����$�"6�"�
��
��� �
�� 10 '�
���$�&� ��.����
#*

�&��( "��$� �� !������$�	������$���:3��89(�-$�
�����(�� "�� 900 950 (��� 1,000 
��2��#��#�
� 

(5) ���"���(*����!��"��$�/ $/ �/��,��&�	9Y*!�0�/����� �
�"����� Micro GC ��1�
/ �$-�
8� 5 ��
������
	��"��$�/ $/ �/��!�0�"��*���)����)#�*
������/3��$�"6�&���
��:3�2-�
* 

(6) �.����
#*�&��( "��$� ��!��!�0�$��
������89(�-$�&�����6� 200 ��2��#��#�
��3�
�.�!�0�)�'&���� 

(7) �	������(�	�/��&	������#���� 
� ���
���������23�4���������	�$��� �($6/��&	������#����'�
���
���;�����
����	��	���	�

�	��;�����
����#����	� 
(1) ����������
����/���;�����
����	��	��	���
�����
�/ ��& � 
(2) ����"������;���9*
��,6������	������(�	�!� �$���6���&��( "��$� �� 
(3) ��.�!�0�)�'&����!��!�0����#����� �
�	&�����)(� 79 !�� 21 $������&�&6���
� 

&�$����	� �	��	&�����)(�!��"��$�/ $/ �/��!�0�/���� 
(4) �$���"��$�/ $/ �/��!�0�/����"�
�� ��.����
#*�&��( "��$� �� !������$�	������$���

:3��89(�-$� 850 ��2��#��#�
� 
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(5) ���"���(*����!��"��$�/ $/ �/��,��&�	9Y*!�0�/����� �
�"����� Micro GC ��1�
/ �$-�
8� 5 ��
������
	��"��$�/ $/ �/��!�0�)�'&����!��!�0����#������$�"6�
�
6��	��6��
�����
���� 

(6) �.��&��( "��$� �� �����89(�-$�&�����6� 200 ��2��#��#�
��3��.�!�0� 
(7) �	������(�	�&	������#����"����+�(�3��������
���� 
(8) 
�����
�����;�����
����	��	�!�����#����	�#�����)� ������������
����
��

& ����� 
7.2 
�����
���������23�4������
������������+�&	������#����/��!"��#�
$#	��%&!��

!"��#�
$#	��%&,�$�	�)��*���(III) ���)#�*�������"$�"���-��.�/��$��
� 
� ����&��
$&	������#���� 

���&	������#���� (!"��#�
$#	��%&!��)��*���(III) ���)#�*) $��,�)�6"��$�������
��
�89(�-$� 300 ��2��#��#�
� ���(�	�&	������#����,�$
���� �����
����"��!"��#�
$#	��%&!��)��*
���(III) ���)#�* �&��
$'�
������
	�����$�,�$�	������$�9� �
��/��)��*���(III) ���)#�*��&	���
���#����,�$"����+�� �
�� 5 10 20 30 !�� 40 '�
����(�	���������	�� ���
��"��$��1���� 250 ���&6�
��
� ����	����!( ���+����� 24 �	��'$�!���,�
���89(�-$� 550 ��2��#��#�
� ��+����� 5.5 �	��'$� 

� ���
���������23�4������ &	������#�������;�����
����	��	� 
(1) ����8�
!� � (quartz wool) 
��� ���6��/���"������;���9* &�$� �
�������8���-$���

������"������;���9*��$�"��$�-�/�����-$���������$�9 2 �#�&��$&� 
(2) �	������(�	�&	������#�����( $�����(�	���$ 3 ��	$���������8�����"������;���9*  
(3) ��.�!�0�)�'&����!��!�0�$��
��/ ��-6���� '�
$��	&�����)(� 45 !�� 5 $������&�&6�

��
� &�$����	� �	��	&�����)(�!��"��$�/ $/ �/��!�0�/���� 
(4) �$���"��$�/ $/ �/��!�0�$��
�/����$�"6�"�
��
��� �
�� 10 '�
���$�&� ��.����
#*�&�

�( "��$� �� !������$�	������$���:3��89(�-$� 950 ��2��#��#�
� 
(5) ���"���(*����!��"��$�/ $/ �/��,��&�	9Y*!�0�/����� �
�"����� Micro GC ��1�

/ �$-�
8� 5 ��
������
	��"��$�/ $/ �/��!�0�"��*���)����)#�*
������/3��$�"6�&���
��:3�2-�
* 

(6) �.����
#*�&��( "��$� ��!��!�0�$��
������89(�-$�&�����6� 200 ��2��#��#�
��3��.�
!�0�)�'&���� 

(7) �	������(�	�/��&	������#���� 
� ���
���������23�4���������	�$��� �($6/��&	������#����'�
���
���;�����
����	��	���	�

�	��;�����
����#����	�&�$����
�����8/ ��& � 
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7.3 
�����
���������23�4������
������������+�&	������#����/��!"��#�
$#	��%&,�$�	�)��*
���(III) ���)#�*�������"$�"���-��.�/��:6��(�� 
� ����&��
$&	������#����:6��(�� 

&	������#����
���� "��!"��#�
$#	��%&,�$�	�)��*���(III) ���)#�*��� �
��/��)��*���
(III) ���)#�*"����+�� �
�� 30 '�
����(�	� ���$��,�)�6"��$�������
���89(�-$� 300 ��2��#��#�
� 
���(�	�:6��(�� ���$��������)�6"��$����
���89(�-$� 105 ��2��#��#�
� 

� ���
���������23�4������ &	������#�������;�����
����	��	� 
(1) ����8�
!� � (quartz wool) 
��� ���6��/���"������;���9* &�$� �
�������8���-$���

������"������;���9*��$�"��$�-�/�����-$���������$�9 2 �#�&��$&� 
(2) �	������(�	�&	������#�����( $�����(�	���$ 2 ��	$ !��:6��(������(�	� 1 ��	$ �����

����8�����"������;���9*  
(3) ��.�!�0�)�'&���� '�
$��	&�����)(� 300 $������&�&6���
� &�$����	�  
(4) ��.����
#*�&��( "��$� �� !������$�	������$����89(�-$�:3� 950 ��2��#��#�
� 
(5) ���"���(*����!��"��$�/ $/ �/��,��&�	9Y*!�0�/����� �
�"����� Micro GC ��1�

/ �$-�
8� 5 ��
������
	��"��$�/ $/ �/��!�0�"��*���)����)#�*
������/3��$�"6�
&�������:3�2-�
* 

(6) �.����
#*�&��( "��$� �������89(�-$�&�����6� 200 ��2��#��#�
��3��.�!�0�
)�'&���� 

(7) �	������(�	�/��&	������#����!���: �
���(��� 
� ���
���������23�4���������	�$��� �($6/��&	������#����'�
���
���;�����
����	��	���	�

�	��;�����
����	��	�'�
����������&�$����
�����8����9�����������"$�"���-��.�/��!�0�
$��
� 

 
��8�����
���� �����
����)� �	���� 
C���

;< 1����
���� �����
���� 
����������		
���
��
����� 

�	�49��"������;���9*
����  Fixed-bed reactor 
����!���	&����1�/��!�0����;�����
�
���	��	� 

!�0�)�'&���� 45 $������&�&6���
� 
!�0�$��
� 5 $������&�&6���
� 

����!���	&����1�/��!�0����;�����
�
���#����	� 

!�0�)�'&���� 79 $������&�&6���
� 
!�0����#���� 21 $������&�&6���
�  

�89(�-$�
���� ���;�����
����	��	� 900 950 (��� 1,000 ��2��#��#�
� 
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C���

;< 1����
���� �����
����(&6�) 
����������		
���
��
�����(���) 

�89(�-$�
���� ���;�����
����#����	� 850 ��2��#��#�
� 
&	������#���� � !"��#�
$#	��%& 

� !$����#�
$���)#�* 
� )��*���(III) ���)#�* 
� !"��#�
$#	��%&!��!$����#�
$���)#�* '�
$�

!$����#�
$���)#�*���$�9� �
�� 5 10 30 50 '�

����(�	� 

� !"��#�
$#	��%&!��)��*���(III) ���)#�* '�
$�)��*
���(III) ���)#�*���$�9� �
�� 5 10 20 30 '�

����(�	� 

����������		
���
��
������� 

�	�49��"������;���9*
����  Fluidized-bed reactor 
/���:6��(�� 250 � 500 )$"��� 
����!���	&����1�/��!�0����;�����
����	��	� !�0�)�'&���� 300 $������&�&6���
� 
����!���	&����1�/��!�0����;�����
�
���#����	� 

!�0�)�'&���� 79 $������&�&6���
� 
!�0����#���� 21 $������&�&6���
�  

�89(�-$�
���� ���;�����
����	��	� 950 ��2��#��#�
� 
�89(�-$�
���� ���;�����
����#����	� 850 ��2��#��#�
� 
&	������#���� � !"��#�
$#	��%& 

� )��*���(III) ���)#�* 
� !"��#�
$#	��%&!��)��*���(III) ���)#�* '�
$�)��*

���(III) ���)#�*���$�9� �
�� 5 10 20 30 '�

����(�	� 

�	&���6����(�6��:6��(��!��&	������#���� 2:1  
 
C���

;< 2�$�	&�/��:6��(��
���� �����
���� 

Proximate analysis (wt.%), as received Ultimate analysis (wt.%), daf basis HHV 
Moisture Volatile matter Fixed carbon Ash C H N O (diff.) (MJ/kg) 
10.53 48.52 25.77 15.18 49.62 6.01 0.62 43.75 16.56 
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7.4 
��������"���(*&	������#����!��,��&�	9Y*!�0�� �
�"�����$��&6��7  
� ����
���� ��������"���(*/���"�����)$'"�!�0�'"�$�'
���%� (Micro GC) 

�"����� Micro Gas Chromatography '$��� 490 
��( � Agilent ������� �
 2 "��	$�*"�� 
"��	$�*���� Molecular Sieve 5A (MS5A) �� ��������"���(*)�'����� ���#���� )�'&���� "��*���
$���)#�* !��$��
� !��"��	$�*���� PoraPLOT Q (PPQ) �� ��������"���(*"��*���)����)#�*$�����

���� ��������"���(*�	�!�����&����
�� 3  
 
C���

;< 3 ����
���� ��������"���(*!�0�,��&�	9Y* 

Chanel 1 

����"��	$�* Molecular Sieve 5A (MS5A) 
!�0��� (carrier gas) ���*��� 
�89(�-$������� (injection temperature) 70 ��2��#��#�
� 
�89(�-$�"��	$�* (oven column 
temperature) 

100 ��2��#��#�
� 

����&����	� (detector) TCD 
Chanel 2 

����"��	$�* PoraPLOT Q (PPQ) 
!�0��� (carrier gas) �����
$ 
�89(�-$������� (injection temperature) 70 ��2��#��#�
� 
�89(�-$�"��	$�* (oven column 
temperature) 

100 ��2��#��#�
� 

����&����	� (detector) TCD 
 

� ����
���� ��������"���(*/���"��������"���(*�������
�����	�����1�#* (X-ray diffraction, XRD) 
�"����� X-ray diffraction 
��( � Bruker�86� D8advance ����
2�(�	���$���� 
�����
����

'�
�� �	&������!�� (scan speed) 0.1 ��2�&6���
� $8$
���� �����
���� 10 � 80 ��2��� �����
���"���(*���������/��!/1���&	������#����
	���6��!��(�	�
�����
���� 
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8. ���	��6�L	��C��
c  
� � �
����������
�/��$��
� 

���� �
����,	·�	�����,
·�


����,	·�	
� 100,     (1) 

'�

������,�!������,�"��"��$�/ $/ �/��/ �!��/����/��$��
�&�$����	� 
Fi!��Fo"���	&�����)(���$/��!�0�,��&�	9Y*!&6���6������ (i) !��/����&�$����	� 
 

� �	��6��'�
����(�	�/��&	������#���� (Mass fraction) 

���� ��������� �.%# �
$%.�& '()*% '�+�,�$%.�& -./

$%.�& &0)'1 '�+�,�$%.�& -./
� 100 (2) 

 
� � �
��������������"��*���)����)#�* (Carbon dioxide selectivity) 

 ���2�� 3����34 �454���6��7 �%# �
%�%8+ 9�+. �/:�.)*)08%),#

%�%8+ 9�+.����;�*'<9),#
� 100% (3) 

 
9. e����
���
 

9.1 ,����
���������23�4������
������������+�&	������#����/��!"��#�
$#	��%&!��
!"��#�
$#	��%&,�$�	�!$����#�
$���)#�*�������"$�"���-��.�/��$��
� 
� ,�/���89(�-$�
��$�&6������
�����/��&	������#���� 

�-�
�� 4!���� �
����������
�/��$��
�!���	&�����)(�/��!�0�&6��7 ($��
�"��*���)�-
���)#�* )�'�����!��"��*���$����)#�*) '�
�89(�-$������
���;�����
����	��	�/��$��
� "�� 900 
950 !�� 1,000 ��2��#��#�
� ���,����
�������6�
���89(�-$� 900 ��2��#��#�
� �	&�����)(�/��
!�0�$��
�$�"6�� �
$�� !���6�,��( � �
����������
�/��$��
�$�"6�� �
� �
��6��	� (�-�
�� 4(a)) ��/9�
��
�������!�0�����7 )� !�6 "��*���)����)#�*)�'�����!��"��*���$����)#�*)$6$���������
�!���$��
�	� !����( �(1��6�!"��#�
$#	��%&)$6��$��:�( ���#����)� ���
6�
��"��
���89(�-$���� �$����89(�-$��-�:3� 
950 !�� 1,000 ��2��#��#�
� ���6�$��
�������������
�!���)� ��1�/3��!��$�"6��-��8�
������ 95 ��
� 
(� �
�� 26.7) !�� 40 ��
� (� �
�� 52.2) &�$����	� ������
����
	����$�89(�-$��6�����6��������$
�89(�-$�
���( $��
�:-�������	�)� ��/3�� 

�
6��)��1&�$ ����-�
�� 4(b) ���(1��6�������!�0�"��*���)����)#�*������/3��!� ��	�� 
	�$�
!�0�����7 "��)�'�����!��"��*���$����)#�*����/3��� �
 '�

��"���6���������;�����
�(�	�/������,�
)($ $��
�� �
&	������#����!"��#�
$#	��%&(����;�����
����	��	�/��!"��#�
$#	��%&�	�� ����/3��&�$
�$���
�� (4) !��$��;�����
�/ ���"�
�����7 ����/3���� �$�	�)�� �
 )� !�6 �;�����
���������
�$��
�� �
)�
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���� (Steam reforming) !���;�����
������
�������+�!�0� (Water gas shift; WGS) �	��$���
�� (5) !�� (6) 
&�$����	� 

Reduction of oxygen carrier: �=> ? ��@A> B ��@ ? �AC ? 2=CA   (4) 
Steam reforming of CH4: �=> ? =CA B �A ? 3=C     (5) 
WGS reaction: �A ? =CA B �AC ?=C      (6) 
 


���89(�-$� 950 !�� 1,000 ��2��#��#�
� �	&�����)(�/��"��*���$����)#�*$�"6�� �

$��&������
���� ��/9�
���$��������9��	&�����)(�/��!�0�)�'��������6��	&�����)(�/��
)�'�����
������ 70 ��
�!��$�"6�$����6�!�0�"��*���$����)#�*!��"��*���)����)#�*!&6�$�������
,6��)�(�	�����	�� �	&�����)(�/��!�0�"��*���)����)#�*������$/3��!��$�"6�$����6�!�0�,��&�	9Y*
��������7 ���,����
�����	���6��!����6����6��!��/�����
���� CaSO4��+�&	������#����)�
���#����	�$��
�)� �
6��� �7 � �
�$���
�� (4) #3��
���( ����,��&�	9Y*��+�"��*���)����)#�*!������ 
����	������
������/3�� ��)������;�����
��	�$��
�!��"��*���$����)#�*�	��$���
�� (5) !�� (6) 
���( ����
!�0� )�'����� "��*���$����)#�* !��"��*���)����)#�*����$/3��,������������;�����
���������
�
$��
�� �
)����� (�$���
�� (5)) 
���( �	&���6��'�
'$�/��"��*���$����)#�*&6�)�'�����
������/3��$�
"6����$�9 1 &6� 3 ����	���;�����
����	��	�/��!"��#�
$#	��%& (�$���
�� (4)) �3���	�$���+��;�����
�
(�	�!���6��( ����!�0�"��*���)����)#�*����$/3�� �����
	���;�����
����	��	�/��!"��#�
$#	��%&����)� 
� �
��������������#������!"��#�
$#	��%&�(���� �
 �;�����
�(�	����"������;���9*�3���	�$���+�
�;�����
���������
�$��
�� �
)��������"�	�� �	����	���&)� �6��	&���6��'�
'$�/��"��*���$����)#�*&6�
)�'�����
������/3��$�"6����$�9 1 &6� 3 �
6��)��1&�$!$ �6�����;���9*�������$��:�	���&�(1�)� 
	��
��
�89(�-$� 950 !�� 1,000 ��2��#��#�
��	�� �������	���&���(1��6��	&�����)(�/��"��*���$����)#�*
!��)�'�����#3����+��;�����
�/ ���"�
�$�"6�$����6��$����
�
��	���9�
���� �89(�-$� 950 ��2��#��#�
� 
!����6��89(�-$�
���-�/3��$�,�&6������6��;�����
�/ ���"�
� 

�$������&	������#����
���� !� �$����"���(*� �
�"����� XRD �	��-�
�� 5���6�
	�"�$�!"��#�
$
#	��%&�(����
-6�$���
�����
����
���89(�-$� 900 ��2��#��#�
� !����( �(1�:3����
���;�����
�)$6�$�-�9*
����������89(�-$�&�������)� ��/9�
��)$6$�����	���&�(1�!"��#�
$#	��%&�$����� �89(�-$������
�����-�
:3� 950 !�� 1,000 ��2��#��#�
� ���������!"��#�
$#	��%&
��(� �
����+�&	������#�����( $��
�!��
�����
�����)���+�/��!/1�����������($� �
6��)��1&�$ ���6�����!"��#�
$���)#�*/3��
���89(�-$��-� 
������$�����;�����
�/ ���"�
� ��$��:!���)� �	��$���
�� (7) 

Reverse sulfation: ��@A> ? �A B ��A ? @AC ? �AC    (7) 
 

!"��#�
$���)#�*
������/3�����$�,����
&6���������������������������-����
#	��%��*)����-�
/��#	��%��*)����)#�*!��)$6��$��:�����	�$��� ��+�&	������#�������-�/��!"��#�
$#	��%&)� ��� 
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'�
�	&���6�� intensity /�� CaO/CaS
���89(�-$� 1,000 ��2��#��#�
�$�"6�$����6�
�� 950 !�� 900 
��2��#��#�
�&�$����	� ���,����
����/ ��& � ��$��:��8�)� �6��89(�-$�
���($���$�����
�����

����"�� 950 ��2��#��#�
� #3��
���( !"��#�
$#	��%&��$��:������*�( ���#�����	�$��
�)� �
6��
�$�-�9*!�������;�����
�/ ���"�
�� �
�$�������
��
�
��	����
����
���89(�-$� 1,000 ��2��#��#�
� 

 

 
�O,
;< 4(a) � �
����������
�/��$��
� !��(b) �	&�����)(�/��"��*���)����)#�*)�'�����!��

"��*���$����)#�*
���89(�-$� 900 950 !�� 1,000 ��2��#��#�
� 

(a) 

(b) 
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�O,
;< 5���% XRD /��&	������#����
���� !� �
���89(�-$� (a) 900 ��2��#��#�
�  

(b) 950 ��2��#��#�
� !�� (c) 1,000 ��2��#��#�
� 
 
 
 

(c) 

(b) 

(a) 
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� ,�/�����$�9!$����#�
$���)#�*��&	������#�����������"$�"���-��.�/��$��
� 
�-�
�� 6!���� �
����������
�/��$��
�!���	&�����)(�/��!�0�,��&�	9Y*&6��7 
���89(�-$� 

950 ��2��#��#�
�!��� �
��'�
����(�	�/��!$����#�
$���)#�*��&	������#����,�$��+� 0 5 10 30 
!�� 50 ������
�������6�"6�� �
����������
�/��$��
�$�"6�$��/3��!���	&��)(�/��"��*���)�-
���)#�*�-�/3���$���� �
��'�
����(�	�/��!$����#�
$���)#�*��&	������#����$�"6�$��/3�� ��
/9����
��	� �$���� �
��'�
����(�	�/��!$����#�
$���)#�*����$/3������ �
�� 0 ��+�� �
�� 5 !�� 10 
���6��	&�����)(�/��!�0�,��&�	9Y*)�'�����!��"��*���$����)#�*�-�/3��� �
 
	��������������$����
�$�	&��������+�&	���6��;�����
�/��!$����#�
$���)#�*&6��;�����
�/ ���"�
�"���$���
�� (5) !�� (6)[9, 
10] '�
!$����#�
$���)#�*
��(� �
��������-�#	�����
������/3������$���
�� (4) !���� ���������
�����;�����
�/ ���"�
� �	��	�� �$�������#3����+�,��&�	9Y*/���;�����
�(�	�:-��3����$�/3���;�����
�(�	���$�
���������)���
�2
��
��
���( ����������#�)�#*$��
�$��/3�� !����( �(1�:3������
������������+�&	���
���#����/��!"��#�
$#	��%&
��$��/3���$����&�$!$����#�
$���)#�* �
6��)��1&�$�$���� �
��'�
����(�	�
/��!$����#�
$���)#�*$�"6�$��/3����:3�� �
�� 30 !�� 50 ���6��	&�����)(�/��)�'�����������1�/3��
!&6��$��:,��&"��*���$����)#�*)� � �
�� #3�������+�,�$�����$���
�� (6) 
��"��*���$����)#�*
�����;�����
��	�����
���( ����"��*���)����)#�*!��)�'�����(��������+�)�)� �6������;�����
�/ ���"�
�
����7 ����$/3���$���� �
��'�
����(�	�/��!$����#�
$#	��%&$������)� 

&����
�� 4 !������$�9!�0�
������/3��(����� )�
	��($� ((�6�
mmol gas/g fresh CaSO4) ��
���6����$�9����� $��
�!�����,��& )�'����� "��*���$����)#�*!��"��*���)����)#�*����$/3���$���
� �
��'�
����(�	�/��!$����#�
$���)#�*��&	������#����,�$����$/3����+�� �
�� 10 �	�
��������

/ ��& � !&6�$���� �
��'�
����(�	�/��!$����#�
$���)#�*��&	������#����,�$����$/3����:3�� �
�� 30 
!�� 50 ���6����$�9"��*���$����)#�*
��,��&)� $�"6�� �
�� �$��������9������ $��
� �$���� �
��'�

����(�	�/��!$����#�
$���)#�*����$���� �
�� 10 ��+� 30 ���6������ $��
�� �
��!&6���$�9���,��&
"��*���)����)#�*$�"6���� �"�
��	� ���,����
����
��)� !����( �(1��6�$��
�����������
�)���+�
"��*���)����)#�*����$/3���$���� �
��'�
����(�	�/��!$����#�
$���)#�*����$���� �
�� 10 ��+� 30 �$���
�����9�
��� �
��'�
����(�	�/��!$����#�
$���)#�*��&	������#����,�$� �
�� 50 ���6������ $��
�
!�����,��&)�'���������$/3���
6���(1�)� �	���/9�
�����,��&"��*���)����)#�*����$/3����1�� �
!��$�
"��*���$����)#�*����/3��� �
$�� !����( �(1��6�$���������;�����
�/ ���"�
�����$/3���$���� �
��'�

����(�	�/��!$����#�
$���)#�*��&	������#����,�$$������)� �������	��������"����9�$�8�
"��*������6�$��
�
	��($�)$6)� �����
�)���+�"��*���$����)#�*(���"��*���)����)#�*#3�����
������$�����������'" �  

��"*������/��!/1���&	������#������ !� �:-����"���(*� �
�
"��" XRD �	�!������-�
�� 7
����-�!�� XRD 
��)� ���6���"*������/��!/1�������� �
!"��#�
$#	�)%�* (CaS) !"��#�
$#	��%&



23 
 

!��!$����#�
$���)#�* �$�������
��
�
��	&���6�� intensity /�� CaO/CaS
��)� �������� &	���
���#����,�$�	������ !"��#�
$#	��%&���
��
6�����
��	�� (�-�
�� 4(b)) ���6� intensity /�� CaO/CaS 

��)� �������� &	������#����,�$$�"6�� �
��6� !����6�$�!"��#�
$���)#�*����/3��� �
��6� !����+����

��
	�,����
����)� �6�����&�$!$����#�
$���)#�*�6�
�6�����$�����
����������+�&	������#����
/��!"��#�
$#	��%& 

 
�O,
;< 6(a) � �
����������
�/��$��
� !�� (b) �	&�����)(�/��"��*���)����)#�*)�'�����!��

"��*���$����)#�*
��� �
��'�
����(�	�/��!$����#�
$���)#�*��&	������#����,�$��+�  
0 5 10 30 !�� 50 

(a) 

(b) 
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C���

;< 4 ���$�9$��
�
���� )�!��!�0�,��&�	9Y*
������/3��&������������ 
 Pure CaSO4 10 wt.% MgO 30 wt.% MgO 50 wt.% MgO 
CH4 consumption 7.01 7.41 5.69 7.93 
 H2 production 3.19 4.83 4.31 6.62 
 CO2 production 3.85 4.92 5.31 5.93 
 CO production 0.83 1.21 0.01 0.13 

 

 
�O,
;< 7���% XRD /��&	������#����
���� !� � 


���	&���6��'�
����(�	�/��!$����#�
$���)#�*� �
�� (a) 10 (b) 30 !�� (c) 50 

(a) 

(b) 

(c) 
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� ������&	������#������	�$��� �($6�������"$�"���-��.�/��$��
� 
 ���
������:�
����!����������	�$��� �($6/��&	������#����,�$
���	&���6��'�


����(�	�&6��7 )� !�6 � �
�� 0 10 30 !�� 50 
��)� '�
���
���� reduction-oxidation cycles
���89(�-$� 
950 ��2��#��#�
� ,����
����!����	��-�
�� 8'�

���-� 8(a) !���� �
���	��6��'�
����(�	� (mass 
fraction (wt.%)) �-� 8(b) !������$�9"��*���)����)#�*
��,��&)� &6����$�9���#������&	���
���#���� (mmol CO2/mmol O2) !���-� 8(c) !���� �
��������������"��*���)����)#�* 

������"����9������& �&�$�$$&����
���6��������
��;�����
�(�	�(���!"��#�
$#	��%& ($��
'$���8� 136 g/mol) :-�������*)���+�!"��#�
$#	�)%�* ($��'$���8� 72 g/mol)���
��
6�����
� � �
��
�	��6��'�
����(�	�/��&	������#����(�	���������;�����
�"����+� 52.9 ��/9����
��	� (����
��������������;�����
�/ ���"�
����
��
6�����
���
���( ����!"��#�
$���)#�* ($��'$���8� 56 g/mol) 
/3��$�!
�
�� � �
���	��6��'�
����(�	�/��&	������#����(�	���������;�����
�"����+� 41.2 �	��	�����%
!����	��6��'�
����(�	�/��&	������#����(�	����
���;�����
������
��(�3�� (�;�����
����	��	�) �3�"���
-6
��(�6��� �
�� 41.2 � 52.9  ������
���� reduction-oxidation cycles ������ 4 ������6�����(�	�/��
&	������#����(�	�����;�����
����	��	����!������9�
���� !"��#�
$#	��%&���
��
6�����
������(���
� �
�� 53.9 !����6�!"��#�
$#	��%&)$6��$��:�����
�)�)� �
6���$�-�9* ��/9�
������(�	�/��&	���
���#����(�	�����;�����
����	��	����!������9�
���� &	������#����,�$����� �
��6��	�� !����6�
!"��#�
$#	��%&��$��:�����
�!���)�)� �$�-�9*
���/3�� 

�����
�����
�������!��(�	�����;�����
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