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Abstract

Project Code :TRG5880062
Project Title : Performance of CaSO, and additional metal oxide as oxygen carriers for chemical
looping combustion of gaseous and solid fuels
Investigator : Dr. SasithornSunphorka,Faculty of Engineering and Architecture, Rajamangala
University of Technology. (Principal investigator)
Assoc. Prof. Dr. PrapanKuchonthara,Department of Chemical Technology, Faculty
of Science, Chulalongkorn University(mentor)
E-mail Address :sunphorka_s@hotmail.com
Project Period :2 years
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 (Ill) oxide were used as
oxygen carriers. By using calcium sulphate mixed with magnesium oxide, the results revealed that
the suitable condition was 950°C and 30 wt.%MgO/CaSO,. 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 (lll) oxide was
also studied as oxygen carrier. The results demonstrated that the suitable mixing ratio was 20
wt.%Fe,04/CaS0O, and illustrated the new compound (Ca,Fe,O5) 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, Fe,O5/CaSO, 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 (CO,) emission from coal and fossil fuel combustion causes
greenhouse effect. Since CO, 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 CO, emission is thus urgently necessary to protect environment from this
problem. The CO, Capture and Storage (CCS) is one attractive optional for reducing net CO,
emission. This technology produces the concentrated stream of CO,, then transport and storage it
into a suitable storage location for a long period of time. The CO, capture, transport and storage
processes were overviewed in “IPCC special report on carbon dioxide capture and storage” [2].
Considering the CO, 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,
CO, 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 CO,
which are readily separated [4]. Finally, pre-combustion combines WGS converting CO to CO, and
bulk CO, 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 CO, in synthesis gas under high pressure,
providing a smaller size of a CO, 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 CO, 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.



Air Reactor:  2Me (metal-based compound) + O, 2MeO (an oxide form) (1)

Fuel Reactor: C,H,, + (2n + m)MeO—> nCO, + mH,0O + (2n + m)Me (2)

N; O CO, H, O

Air Fuel

Reactor Reactor

Air Fuel (CyHzm)
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 CO, 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 (CaSO,) metal oxide oxygen carriers
have been investigated because of its advantages [12-15]. The oxygen transport capability of

CaSQ, 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,
CaSO0, is environment friendly and seem favorable for the CLC system. The general reactions of

CaSQ, in fuel reactor are shown as followed [1].

CaSO, + CH,—CaS + CO, + 2H,0 (3)
CaSO, + 4H,—CaS + 4H,0 4)
CaSO, + 4CO —CasS + 4CO0, (5)

The simulation performed using the ASPEN Plus software-package showed that only trace
amount of CO and H, remained after fuel reactor [16].

The big problem of using CaSO, is the formation of CaO and SO, as side reaction. The
formed CaO cannot be converted to CaSO, in the air reactor, resulting in the reduction of oxygen
transport capacity and recyclability of CaSO,. 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 CaSO, 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 Fe,O; reduce the chance of CaSO, reduction to CaO whilst the
oxygen transfer capacity of CaSQO, 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 CaSO, to CO, and
H,0. CaSO, can be used as an oxygen carrier in this process.

Coal — CH, + gaseous hydrocarbons + tar + CO,, CO, H, + H,O + char (6)

To improve the performance of CaSO, for CLC process, this work investigated the effects
of CaSO,/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 CH, combustion and coal
combustion were compared. In case of coal combustion, the effect of CaSO, (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 CaSO, as oxygen carrier and syngas derived from coal as the
fuel. The simulation results indicated that, in fuel reactor, at 1OOOC—4OOOC, the main sulfur species
and carbon deposit were H,S and CaCOs;. At 400°C —915°C, CaS and CO, were the main products
and both products increased with increasing temperature of fuel reactor. At above 91500, Cao
appeared and the percentages of CaO, H, 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 CaSO, as dominant reaction. Sufficient supply of air at 915°C and atmospheric pressure
was important for the oxidization of CaS and prevention the emission of SO, and formation of CaO
as well.

Ding, N. et al. (2013) [12] studied the CLC of CH, with CaSO, oxygen carrier prepared by
impregnation in fixed bed reactor. The effects of reaction temperature, CH, percent, particle size
and sample mass on reduction (fuel reactor) were discussed. The results revealed that the suitable
reaction temperature is around 925°C. The lower in CH, 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 CaSO,. X-ray diffraction
analysis illustrated that CaSO, could be fully reduced into CaS which was also almost regenerated
into CaS0O,.

Zhang, S. et al. (2013) [17] suggested that SO, emission in CLC process limits practical
application of CaSO,. The authors investigated the use of Fe20,/CaSO, composite oxygen carriers
with different Fe,O5 loading contents prepared by impregnation method to inhibit SO, release and
enhance the reactivity of CaSO,. The experiments were conducted in a laboratory scale fixed-bed
reactor under CO-H,—N, atmosphere. The results showed that Fe,O3;/CaSO, oxygen -carrier
revealed its promising aspect and could be a good candidate in CLC. Over 85% SO, released from
the decomposition of CaSO, alone was inhibited by Fe,05/CaSO, oxygen carriers (> 5 wt% Fe,O3
loading). Therefore, Fe,O5 could help CaSO, reducing to CaS and raise the calcium sulfide yield.
Moreover, higher conversion of CO and H, obtained at higher temperature and Fe,O; loading
content. Redox cyclic tests showed that Fe,0,;/CaSO, oxygen carrier had better recyclability and

stability than CaSO, alone.



Pans, M.A. et al. (2014) [21] evaluates the performance of a low cost material including iron
ore (mainly Fe,O3) as an oxygen carrier for CLC. The CH,, 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
CH, 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 W, CLC plant. Therefore, iron ore is a suitable
oxygen carrier for syngas or gaseous fuels which mainly composed of H, and CO.

SaurabhBhavsar et al. (2014) [22] investigated the use of iron- and manganese-based
mono- and mixed-metallic oxygen carriers (Mn,Fe,,—CeO,) supported on CeO, as oxygen carriers
in CLC. The H, and CH, were used as fuel. The results indicated that bimetallic carriers with high
Fe content, which contain a FeMnO; 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, CO, 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 CaSO, 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 CaSO,. 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 (SO, and H,S) formation. By the addition of hematite (about



7wt.%), the gaseous sulfur species was decreased in both reduction and oxidation processes while

the coal conversion and CO, capture were enhanced.

Zheng, M. et al. (2014) [15] studied the addition of small amount of natural ore to CaSO,

oxygen carrier to improve its reactivity and stability in CLC. Fe,Os-based oxygen carrier was

selected since it is inexpensive, has resistance to H,S for high-sulfur fuels and has higher reactivity

compared to CaSO,. The results showed that the addition of Fe,O; improves the performance of

coal gasification and the subsequent conversion of syngas to CO, and H,O. The chance of CaSO,

reduction to CaO was reduced by coal syngas whilst the oxygen transfer capacity of CaSO, is

maintained. The optimum temperature in fuel reactor was shifted from 950°C to 900°C. The CO,

SO, and H,S in flue gas were decreased and CO, was increased from 81.63% up to 95.35%.
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Bubble

flow

«—Furnace meter

Water trapper

ci d’ a 6 a 6 o o a A 1 a
gﬂ‘n 3 m‘saaﬂgmmuuuﬂga"l,@mmmmum:mumimwﬂaagﬂﬂw 2IDWRY

(evasdnsalvanuiimeadumaiduiugudnaanislu 21 Safiuas g9 400 Tadiuas)
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7. A5naaag

7.1 inmInaaadtNa@nl sz anTnInlum sl udaniaandLanladLaaLd N Tal N aLLas

I e o a A a A A
LLﬂaLGITEJ&l‘IiﬂLW@]NﬁﬂJﬂ‘]JLLSJﬂ‘UoLGIiEI&Iaaﬂﬂfﬁ@ﬂ%izuumﬂﬂaaaﬂﬂ@“ﬂa@&lL‘Ylu

> NILAILNAINIDONTLAY

WaInnaandian (waatdangainawazuuniidonaantsd) venlaanusuaand

amnni 300 AIANLTALTYR AINTUAINIDDNTLIWNFNN T L N1TNARAIABLARLT N T AL WALRS

a A 6 = ) g: Qs a U a A Qs
wunBouaan e wIsulasrinaIINIgadNINENNWILUSNIMTauaz LNl B uaan lod laInA

aandlannsNAatuwYauss 5 10 30 waz 50 lagiiwnin

» minassstiadnwimiltaiwieandianwlul jAsesenas

(1)

(2)
@)

(4)

®)

(6)

(7)

msﬁﬂmﬁ”’s (quartz wool) ﬁéf'mmwaam’%aaﬂﬁmtﬁ AUAILMNITVITIBZRIU
uaa‘LuLﬂ%aaﬂﬁmrﬁwﬁmwgwaaa:@lﬁmuaaﬂi:mm 2 L IUALNGT
Faiwsindamnsandaulifiiminny 8 nfudleussaastuatosgnol
Daudalulavanuszufafiinwdrgszuy lapddamslne 45 uaz 5 Haddas

Y v 6V

FGaufl AINRIAU IAIINT AALAZAN VT NT UV DILARTIaN

%

d' % % v A a d't:l'qz a A a 6

WannuuTwrasuARUinuINaanidininnsaga: 10 lagdsunas Wesind

Wl NTon LLﬂzL%EJ’:f‘UL’Jﬂ’]Lﬁaﬁdqmﬁﬁﬁﬁﬁ’mu@ A8 900 950 w38 1,000

AIFLTALT R

AT ATRARRZ AN VLT T UVAINAAN U LAFUI0aNGULATEI Micro GC 1AL

U =1 < % (% v 6 t:‘d' a J A <:

Tayann 5 PWINIBNTENIANNTNTUIBILAFATUAU laaan lrantAawa fn6n
=S 6

g

TJ@1a"‘méﬁmlﬁmwm?auuaul,ﬁ"aﬁmmawqm%gﬁ@i'm’h 200 a9AL AL ED

Yaurslulasian

PIKNRINVDIAINDDNTLAN

» manassstiadnsimahnauanltndassdinisandianlaansind jAsensantuaay

nudfisenaendiatu

(1
(2)
@)

(4)

duilunmInasadrasd JasenIantuainuaziduadnidu
iiasasufnanifirunsrahwinuianldlwenlfanuion
Waudalulasiauuazuizeandauali08asnn1s ma 79 uas 21 Jaaaasdauf
ANEIALU TRBAINNT MaLAzANNLTNTU IR FU88N
Waanutudusssuisuasnasf Wasdndianlwanuson uazisusunaie

f9gmannil 850 adeimaL oy

13



5) Senziziiauazanududussiniasuaiuisuoandisiaias Micro GC 1y
Tayann 5 wflaunsensenutuduasutalulasianussufzoandianas i
WinuniauitNImnaaes

6) Yatanlkanuon 3aauqmﬁgﬁ@‘i’1ﬂdw 200 2L TATHRIIVALAR

(7) Tainwindwiaandanaalunitisaummanss

(8) ﬁ'm']imaaaﬂﬁﬁ%m%‘é’n%’mm:aan%m%’usgwuvlﬁﬁwmmaumsmaaaﬁ
@8IN3

7.2 inn1snasadtNadn e UscanTaInwlunnistluaan1aandLantadnaal TN TalWaunas

uwaaioudaanauivlasaaudll) sanladluszuuinfinangutafiing
> MIeToNGINI2aNTLIU
dndamneandlan (waadsusaiauaslofoandn  san'lod) s lsanuinaand
g il 300 BIANTALTUF gmSudameandiaunanfiltlumimasssdouaaidoudanauazlos
sau(lll) aanlod 13sulasshasnssasunauiwluliunnsosazvaslafaondll) aanlodludain
sandlaunsudniudasaz 5 10 20 30 waz 40 lagtimsinluings muiinnu3isey 250 soude
wft nineuwidung 24 f@‘[muaumﬁqmmﬂﬁ 550 asriaiTus 1w 5.5 Talug
> manasiiadnsmaslfdwiaandianlul jAzunTantsu
(1) miﬁﬂmLfT’a (quartz  wool) ﬁﬁmmwaam%"aoﬂgjmfﬁ AWAILNITUTITOLRAWN
uaa’Lum’%aaﬂZ}ﬂifﬁwﬁmmgwaaa:gﬁmuaaﬂszmm 2 LIUALNGT
2) Taimindamneandanlwiiiming e 3 ﬂ%uLﬁﬂUiiﬁgadluLﬂ%adﬂﬁﬂitﬁ
3) Woudalulasiauuazufaiinudgszon laofidnmnslna 45 uaz 5 iaddasde
W ANEIAU 1AIATINT IARLREAN VNI UV BILARV 88N
@) dannududuvasutalinuvisaniidinfifisoss: 10 lapusanas \Wasdndian
Ianusou LLa:L'%uf{Tuna’uﬁaﬁaaqmmuﬁ 950 A9FNLTALT
(5) ALATEATRALRZANWTUT U DINE AR U FTN00NAIBLE389 Micro GC  LRU
Toyann 5 wiflannsensanududuvsuiaanfuaulasanladfiiaduilddn
udsgue
(6) ’TJ@a”?ﬂsﬁm'ﬂ,ﬁﬂ'ﬁuﬁ”amm:uﬁ”ﬁﬁmmaﬁmqm%gﬁ@‘i’m'ﬁ’] 200 29ALTALToRIITA
uislulasian
(7) ToinmsinuaseImnaandiam
> manenasiadnsmuinauanlflnivasdainieandiaulasnsvind fisensendusau
ﬁuﬂaﬁ%maan%m%‘umu%‘%ﬁnyﬁwﬁu
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7.3 AN INaaadLi aﬁﬂmﬂizaw%mwhﬂ’mﬂué”m’]aan%wum QGLLQQL%UN%GLW@NNNF]’UVLQ%‘

aau(lll) aan bdlunszuuiaiaaaaltlavadtinin

> MIGIUNFINI0NTLABTN WA

o A A oA a o o & o &
aawraandauiltionaatfouTaWanauny lasaandl) sanlodluiouazaadlasoan

(i eanlodAaduiasss 30 lasinin dwurldanusueanfiamnnfl 300 aseiwaldus

FRSUIWAK ﬁﬁmamﬁavlsimm%uﬁaqmﬁﬂﬁ 105 29ALTRLTOR

» manassstiadnsmiltaiwieandiawlul jAsesents

(1

(2)

@)

(4)

®)

(6)

(7)

m‘sﬁﬂmlﬁ:} (quartz wool) NeNuaIVaILaIaIlnInt AAILNNITUITIBZPAU

1_|aalum%aaﬂﬁmrﬁauﬁmmgwaaazgﬁmuaaﬂizmm 2 L TURLNAT

TIVAUNAINDaNTLAR AR UNMBNTIN 2 TV WRSTIUARINRID 1 NTY 1ND
d’ a 6

msﬁ;aﬂumsaaﬂgmm

Waurglulasian lagiaasnivine 300 Fa8aaI6awI7 aNsay

Wasingienlnanusan LLa:L%ué'unmLﬁaaqm%nuﬁﬁa 950 BIFLTALTER

AATEATRARRZ AN VLT VT UVAINAAN U WAFUI0aNGIULATEI Micro GC 1AL

U =4 < U L% 6V 6 €¢:{' Aa J A

Tayann 5 WINIUNTENIAN LT NT WV aIAFA1sUak laaan laantAaTwil a1

daaniagud

TJ@aﬁw%mﬂﬁmm%amaauqm%gﬁ@ﬁm”] 200 AL TaLTyRIITaudR

Tulasian

TIKNRINVAIAINIDDNTLINLAZLANNLARD

» minasasiadnsmainauanldindaasdinisandianlasnsind jAsensantuaay

Audjiseiandulasduiunmsanitnszylunsdinszuiumefinesgutaeuds

a
ULN

sydnzflglunminanasldaad

4 r
A1371990 17122 N T nIINa 88

5:7_/1/mﬁﬂaagilﬂawaaﬁmu

snwaziaToslfaninls Fixed-bed reactor
piauazdnTTIvaIniRlulfizen uwiwlulasian 45 Jadfasdeui
IaNTw uialiny 5 Jadaasdauii
piauazaasTwanialulnzen uiwlulasian 79 Faddasdeui
2aNTLATU uigaanGiau 21 Tadaasdauii
g ANl lul FAze3endu 900 950 w38 1,000 veLTALTLE
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A13190 1AEN I ElunINaaad(de)

szuualinaagyilivesiinda)

aunnAnlluljismeanfiadu

850 DIFLTALTYR

AINIDDNTLIN

a %
LARLDHNTRLNG

a A 6
wunLEyNaan e

lasaauan) san'lad

VV VYV

= s a A 6 =
uAaLTuNTaINauaz LN TaNaan e lasd
wunuNaan MaUSu1mIauas 5 10 30 50 lag

#IRUN

Y

waaLdoNTanauas lasaandl) sanlad lasilles
aau(lll) aanloaUSunmiasas 5 10 20 30 lag

wIRUN

:yumﬁﬂaagﬂﬂwam’mﬁu

a A a e o
anwmziesaslfnyoinld

Fluidized-bed reactor

PYUIATTBRY

250 — 500 luasan

piauazeasTmanialunliseFant

uialulasian 300 Aadaasdauii

piauazeasSwanialulnzen

a o

aanNDLaAT

uAalulasian 79 IaaaaTsauf

wigaanGaw 21 Jaaansdauh

aunn Inllul jisensandu

U

950 DIFLTALTYR

Ad‘ aaa a o
pannAnlElulismeandiadu

2

850 DIFLTALTYR

o

AINIDBNTLIN

> uAaLTuTane
> laseau() san’lod
> uaadousaauazlaseanll) sanlad laodiles

aau(lll) aanloaUSunmiasas 5 10 20 30 lag

wwin
AT EIUITAINIUABUZAINDONTLIAN | 2:1
a131971 2snsfvasauRnildlunnasss
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 ¥IMIIILATIZRAINIDNTLARLREN RN N BN UARAIULATDINAANS 9

> nmedldlumsieseivasaiaslulasusalasinInnsi (Micro GC)
Lﬂ%laa Micro Gas Chromatography luiaa 490 ﬁﬁ’a Agilent 152naudle 2 naaniiae
AaaNtTila Molecular Sieve 5A (MS5A) 13lunmsitanzilalasian sandian Tulasiaw ansuan
vaua e uazdinw uazaaaussiia PoraPLOT Q (PPQ) ldlumsiiansiansuanlasenlodiiniig

Alluwndiarzranaaslua1inen 3

P A a 6 oy a o 6
MN1379N 3 m’;zﬂ‘ﬂumm LAINCRUNRNIA N TUN

Chanel 1

TRAADAN Molecular Sieve 5A (MS5A)
WASN (carrier gas) 213nan
ganNiIN32a (injection temperature) 70 a9ALTaLTs
gaunninaauit (oven column 100 aIaLTaLTYE
temperature)

TULAIIIA (detector) TCD

Chanel 2

hanaau PoraPLOT Q (PPQ)
WASN (carrier gas) SIGILY
ganNiIN32a (injection temperature) 70 a9ALTalTus
qm%ﬂﬁﬂaﬁfﬁlﬁ (oven column 100 9ALTRLTEE
temperature)

TULAIIIA (detector) TCD

> A lumTeTEAU0 A0l aTIEA NI RN URTIRLENS (X-ray diffraction, XRD)
LA389 X-ray diffraction %@ Bruker3 D8advance Uszinaanizainim vinmsnasey
lanlgddamnisauny (scan speed) 0.1 asesawfl yunldluninasay 10 — 80 asenldlunis

Aenzhasdznevves LL“II:GEL%G‘]"] WIBONTLABTINUUALARITININIINARD
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8. MIATKITLAIA €

@ P a
> 2 ﬂagﬂ’]ﬂ,ﬂaﬂumaﬁuvﬂu

CcHy,i'Fi—CcHy,o'F

XcH, = (1)

CcHy,i'Fi
A A v ) A o o
I@EIY]CCH4Ii wazCep, o foanuidniuandiuazanaanyasfiinuanudey

FURSF §08aT1MT IMaTINTILATNEAA WA LARZT2918 () WazpIaanauiaL

> Fasulasininvesdinisandian (Mass fraction)
wt.of spent solid—wt.of MgO
wt.of fresh solid—wt.of MgO

Mass fraction(wt. %) = X 100 )

> Seuazmaeniiaansuanlasanled (Carbon dioxide selectivity)
total mol. CO,(generated)

Carbon dioxide selectivity (%) = X 100% (3)

total mol.CH4(consumed)

9. HAaMINAaa

A R a a & o ’~ = o
9.1 Han1INaaaINadnlsEENTAWluN T UAINI B NFLIUVDILABLBUNTALN AR

a e o a A a A A
LLﬂaLéﬁﬁl&l‘IjﬂLW@]NﬁﬂJﬂULLﬂJﬂ%LTEI&Iaaﬂvl,‘]jm%ﬁz‘]_l'i_lLﬂuﬂaaaﬂﬂ\ﬁ“ﬂa\‘i&lL“Y]u

> Havasgnnlinddalszintawasainiaandian

JUN dusasiapaznadfsuveasiimuuszdanmilnavasufadng g @nuaisuenle-

sanlzd lalasauuazaiuaunananlad) lasgmngiilunisvhdjiseiandusesdin fia 900
950 WAz 1,000 adeiaaLBaE AMWANIINARBINLIINgUNYE 900 avriTalTuE 8a3 1T InaTe
o A A @ . vo A a A @ o L @ A A
wsdmuidianann wazanaldfenazmaudfouvasliinuiidiaadioisuni UA 4() luomuen
mafauiadng laud arsuaulasanlydlalasianuazariuenuanen boa liinadasuwudasunn
™ v & ' a o 1 v a val A A Ac‘ib A a =
in urasldAaniuaadoudanaldmunnliesndianlddivinniasngunn i (Wegmnyiigeis

1 a { YV & é/ s dl =
950 WAz 1,000 aIFLALTYE WUINRNWAANTUFowU a9 lat50uLasdaadgaNIa 95 win

a4 9

Aa

(Fouaz 26.7) uaz 40 Wil (Fauar 52.2) MWdAU NMITNARLINIMNAIAIILIUaNIIM LAY
/A o va ™ Wdl&’

qm%gwmlmmugnaaﬂmmﬂ@mu

\ = A & o & & a £ v & oo~

At I3 ney 1n3U7 4(b) AW INUHNNNUARAIT U A aan lTAAL AU WLEITI EIK

23 dl A 6 6 A J £2 A:l' 1 a AaaAaa g
uigdu e Aelalasaunszanivannauanboaialuds laganaimafialisennansesnisiu
va v Q a = o =} Aaaa a v > a Qo g: a J
TndfimudrsarnisandanuaaduutananialjisesanduuesuasiFousainany tNaduaa

P A aaa v A a Aa J v o v v ' aaa = A v
JFUNIN (4) LLﬂzﬂJﬁJgﬂiU']‘ll’]\‘lLﬂEl\‘]a%G] Lﬂ(ﬂ“lluWiﬂ&lﬂ%vLﬂ@’JEJ vL(ﬂLLﬂ ﬂgﬂ‘smﬂ’mﬂayuwmumﬂvla
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11 (Steam reforming) LLazﬂﬁﬁ%mLﬂﬁﬂuﬁuﬂuLLﬁ”a (Water gas shift; WGS) q9gaumfi (5) uaz (6)

ANAIIY
Reduction of oxygen carrier: CH, + CaS0, = CaS + CO, + 2H,0 (4)
Steam reforming of CH,: CH, + H,0 — CO + 3H, (5)
WGS reaction: CO + H,0 - C0O, + H, (6)

flaannd 950 uaz 1,000 asrugaLBua aATINNTINaTaIAITUBUNaKEN Ioaidnta
YINARDANITNARDY YN O NIITHIDAIINIT IAAVAILAR LI LATLABNUINDATINIT LARY B
A A A . ' & & & & ¢ oA
lalasiawiingn 70 wiAuInddunniuiaaIsuanlanan lauazasuawlaaan loaunediiaiian
' s g; a oV nl J a ' 23 a s
HW IHAI9INHY 8O TINTT IRATaILAFAIT U laaan lraas NN LA IAININNINLAFHNE AN DA
THAD% 9 MNNANIINARDIAINAILFAIINIUT1IUTNVINTNAREY CaSOLTuarn1aandianly
a o o v o o dl 2 v a A o & & & & 4
aandiaguiinulaatnadng dogun1in @) T liifendanmwiduasuenlasenloduaziin
& ¥ da X a aaa o A & & o A ° v a
nwwinifedn a2 ldifad fAsenuidimunssaivanuananlaqasauniin (5) uaz (6) ¥inlwiie
& & & & ¢ a & a aaa dl
wis lalasian mivannonenled uazensuanlasanloafinliunaanmaialjizsoinmsiasw
= o s A o v o ) & & Aa & a
Sinuaslat @un1sh 6)) Mlrsanawlasluazesmsvanuanan loadalalasianiiiadus
Adszanm 1 de 3 nuulisenIantuassuaaifondaine (sun13n (4) F9nauundudjiten
o ' v A o & & A £ < AAaa A e o = ') A o
wanuaznaliiauiaamsvenlessnlofAnds aunsznsliseiantuaasuaaifousaiiaia la
v d' a = [ = v aaa s d' a R > I
wagastiesanasndanluneaondainainionss Ujasemanluaiesdnsoidonavaie
Uisemadasulinuaisloirdnass avessiinalainsandiwlaslusasaiuanuanen losee
Aa £ a, ' ' = o e @ = & A
lalastaniiiaduldndszanm 1 da 3 adislsiaruwaiindsingmaniiazaunsasanain lansi
gaunni 950 Uaz 1,000 AIFNLTALT &I AINNITFINALAUIIDATINT AAVAIANTUOUN AN bIe
A Aaa o a a oA ~ o A A o A =
wazlalosaudududfAserdradeldmnnninlafivuiunsdinldgunnd 950 asenoaifos
' ad £ a ' ' aaa o
uwaashguniingiludnadem sl jisedinfos
LUNAINI0aNTLAUN MTLAIANALATIZRENELATEY XRD é’agﬂﬁ SNUINGININLARLT
@ A oA o A A a v =& & ° aaa ' &
Tanantaagilarnmimansifigunnd 900 asanaaidos uaasliiAniomaiuise ldauysal
dl a c: a d' Iv-1 [ =3 = L d' £% a
iesnnganpddnfinly lwvaeliinmgunadusenfondanadialfgmnpiilummenasg
19 950 waz 1,000 I LTRLTUE LihasanuaaLToNTaLNariNrINIITwaIN 0o NTLAW LA TN WILAS
n:ll & ~ a nﬂl 1 =3 1 a a (:3/ t:l' a
wWasnanwliiduvesudsrfiaduaunua adrslsfionn wudnfeuaadoueanlodiungmngiigs
Wosanand §izendnafiss sansausaslaassunsh (7)
Reverse sulfation: CaS0, + CO - Ca0 + SO, + CO, (7)

A ed a L o a ' Al ’~ A o
uwaaiunean laafiiniuiinaifodanszuinmutiasanifienmsguifodane sl lugy
vosdaneslasanloduszlimuininsuinldidudineendianluglvasuaaidondaaldan
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1a88aI18I% intensity V89 CaO/CaSTgmwnail 1,000 adeNTaALTERAAININAIIN 950 UAz 900

IANTALTIRANNAIAU INNANIINANAIT AW §101I0 agﬂvlﬁ'j'lqmﬁgﬁﬁmm:aﬂumiﬁwmi

NARDIND 950

A 2 5 o a o Aa 9 a o A o
I Tas T lRnaaL T TR NARINIINIAI LA A NTLARNUN LN ld a9

6 a aaa v a v A = o A a )
auysmtm:m@ﬂgﬂimmdm EIG%E]FLJL&JE]Lll%ili_lLVIUUﬂUﬂW?VI@ﬂﬂGV]E‘]‘m%QN 1,000 23@LTRLTYR

CH, conversion (o)

60.00

50.00

40.00

30.00

20.00

10.00

0.00

—900 °C ---950°C  ---- 1.000°C |
(@)
1} 50 100 150 200
Time (min)
F 005 .
E
-E 0.04 s ((8)]
5 003 ¢ AT = .
£ 00 — s
. - T~
001 < R =
S 000 —t==tm : .
= 50 100 150 200
Time (min)
Z 005
E
3 004 b SO
£ 003
; P
2 002 e -
£ 001 P —
= 0.00 : . .
50 100 150 200
Time (min}
2 005
£ 004
-
£ 003
£ o0
E
E 001 ———— N
£ oI —
S 000 : ; :
= 50 100 150 200
Time (min)

317 4(a) SawaznaiAsuvasliinu usz(b) damslwazasmivenlasaniad lalasiauuas

m%uauuauanvlﬁnﬁﬁqmﬁnuﬁ 900 950 Laz 1,000 aIANLTRLTYR
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10000

8000

7000
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5000

mrciy

3000
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()

® CaS
A CaO
[ ] o CaS0,

10

10000

9000 |

8000

T000 -

6000 -

5000
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3000

2000

1000
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30 40 50 60 70 80
26

® CasS
A CaO (b)

>

L
S

10000 +

9000 -

8000 -

7000

6000

5000 -

Intensity

4000

3000 -

2000 -

1000

0

A

30 40 50 60 70 80
20

@ CaS
A Ca0 (¢)

A A
I r0A @
Lil A

L. -

°
I

10

20

30 40 50 60 70 80
20

U 5n7 XRD 2asdamaandianiliudiNigunni (a) 900 aseimaidoa

(b) 950 a4FLTALTER WAz (c) 1,000 a9FLTaLTR
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> nazastSinmunilidoueanladludimaandianluszuuiaiineaguivasiinu
U7 usasiasazmadfsusasdinuuazdannylnaveudanianusidn g Ngunnd
950 asaLTaLTyaLazTosazlasnnnvaILNnSsyaan o laInIaandawnaxLdn 0 5 10 30
1 1 v { = s J %3
WAL 50  INNIINARAINUINAITBERZNITU R UY D ININURAININT LA AT [ aVaIAIT U ba-
6 J d' % g’ %) a A [ a = é/
panlodgituiliafonazlasiiminvesuaniiifouaanlaodludinieendianidrninu lu
a > d' v :’ % a A 6 n' J U I3 v
AmLAeInG LaTasazlagiinninuasuunidalaan kraiuIwaINTauas 0 1Wwiasaz 5 waz 10
Y o A o £ o & X A
wuhaanmilnasesuiandanmeilalasanuszaniveunauan lodgeludis nakarafiosnnain

aaa v A

suUdlwnaduaassdjiseesuuniitousanloddad jisednadgsfasunisi (5) uaz (6)[9,
A A & o o o & da & A RS
10] lasunniBoveanladiminnlunmigadusihfifeduainaunsn @) wazldinlunns
a Aaaa U = %] g; .ﬂ' 2‘ ‘4 I a [ 6 aaa > =3 J Aaaa > a
Aaujiendhafios dinu Warhdadundadmedivesd jiTemangnisaanantud jisemanasdl
d" a :.l' o v A a 6 ,2’ v & =1 a a I >
maaanluluienmanyinldiianisaand ladamuuintn uradlvidndsdszansainwlunsiduaand
A A o A L A a A A & ' = A o ¥ @
aandlantaLaaLTaNTaNanuINAw N aldununitdasaanlae atnglsianuiasasazlagiinin
= = J v ' Qs a = g
YasuunitdouaanloaiainintuaniiTosa: 30 waz 50 NUIBAIINNT avadlalasiawias i
1 a 6 v v d & d' n:l' 6 6
LARINTARNAAATUUNaUEN Lo@ Lartasad FIo1ATUNANIINENAITN (6) AASUUNaUDN Lod
el fAsenuinvildifienivanlassnloduss lalasiaunsaanaduldlddfed jAsordnafas
219 Nwiasesazlasiminaesuunfidouaainauiniinly
~ a o A a &L A & '
ANTNN 4 LRAIUSHI A RNLAATURIoLT lUNInNQ (Biummol gas/g fresh CaS0,) a2
A vl a & & & & a &£ A
WUINUSNI M I T nuLazmINGs lalasiaw a1suansanan loauazaisuanlaoan kaiNuAwLla
o k4 o A A o a A & o o d a
Sagazlagsiivinuasuunidoyaan kod bain1aanTanKaN ANk T nTasa: 10 a9nadlsy
o o A o k4 o o a a £ o
1960 uetlaYauazlassinninuadulnildodaan e lwaInIaanTLanKNFNIANTRARDITasas 30
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