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and 

Abstrael-The reaction kinetics of the oxygen carrier particles, which are used as bed material for a flnidized bed 
chemical looping combustor (CLC), has been studied experimentally by a conventional thermal gravimetrical analysis 
teclmique. The weigllt percent of nickel and nickel oxide in oxygen carrier particles and reaction temperature were 
considered as experimental variables. After oxidation reacfio11, the pure nickel particle was situered and unsuitable to 
use as flnidizing particles. The oxidation reaction rate increased with increasing weight percent of nickel in oxygen 
carrier particles and reaction temperature. The rate of reduction shows maximum point with weigllt percent of nickel 
oxide C57.8%) and reaction temperature C750 or 800 ~ increased. In this work, the reaction between air and Ni/ 
bentonite particle was described by a special case of unreacted core model in which the global reaction rate is controlled 
by product layer diffusion resistance. However, the reaction between C H  4 and NiO/bentonite particle was described 
by unreacted core model in which the global reaction rate is controlled by chemical reaction resistance. The tem- 
perature dependence of the effective diffusivity of oxidation reaction and reaction rate constant of reduction reaction 
could be calculated from experimental data and fired to the Arrhenius equation. 
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I N T R O D U C T I O N  

Advanced thermal power sys~mas such as a combined cycle have 
been developed. However, there remain problems in these com- 
bus~tion systems. Fuel and air are directly mixed and burned in the 
conventional s3~s~ern. This methc~t gives rise to some problems. One 
is the environmental problem about emission of carbon dioxide 
(CO,), nitrogen oxides (NO~), and so on [ t~k  et al., 1999]. It is im- 
portant to recover carbon dioxide for suppressing the greenhouse 
effect One of the options to overcome greenhouse effect is the de- 
velopment of CO2 capture and separation technologies from flue 
gases. However, most of these technologies require a large amount 
of energy to sel:arate and collect CO, from the exhaust gas because 
CO2 is diluted by N: in air in the conventional system. For exam- 
pie, if CO~ will be recovered from the e :~us t  gas in power plants, 
it gives rise to the relative decrease of the thermal efficiency from 9 
to _7~ and increase in the power generation cost between 1.2 and 2.3 
times [Akai et al., 1995; Kimura et al. 1995; Ishida and Jin, 1996]. 

To resolve these problems, Richter and Knoche [1983] proposed 
reversible combustion, which utilized oxidation and reductions of 
metal and Ishida etal. [1987] proposed anew concept combustion 
method named as chemical-looping combustor (CLC). 

The proposed chemical looping combustor is composed of two 
reactors, an oxidation reactor and a reduction reactor. Fig. 1 and 
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Fig, 1. Concept diagram of a chemical-looping eombuslor. 

formulae (1) and (2) illustrate a basic concept of a fluidized bed 
chemical-looping combustion (CLC) system. The system consists 
of a circulating fluidized bed [Kim and Han, 1999; Kirn, 1999; Kim 
et al., 2001; Bae et al., 2(x)l] in which oxygen carrier metal par- 
ticles are recirculating between the oxidation and reduction tower. 

Oxidation reactor: exothermic reaction (800-1,300 ~ 

M + ~ O ~ M O  (1) 
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Reduction reactor: endothermic reaction (400-800 ~ 

CH4 +4MO~CO2 +2H20 +4M (2) 

The fuel such as CH 4, H2, CO or C]-I2~+ 2 reacts with metallic oxide, 
NIL), CoO or Fe20~, for example, in the reduction reactor accord- 
ing to formula (2), releasing water vapor and carbon dioxide from 
its top and metal particles (M) from its bottom. The solid product, 
metal particle, is transported to the oxidation reactor and reacts with 
oxygen in air in the oxidation reactor according to formula (1), pro- 
ducing high temperature flue gas and metallic oxide particles. Met- 
allic oxide particle at high temperature is again introduced to re- 
duction reactor and supplies the heat required for the reduction 
reactiorr Between the two reactors, metal (or metallic oxide) per- 
forms the role of transfemng oxygen and heat and, therefore, loop- 
ing material (metal and metallic oxide) between the two reactors is 
named as oxygen carrier particle. 

When reduction reaction is endothermic, heat at middle temper- 
ature (~)0-8(~)~ is absorbed Hence, the heat released from the 
oxidation reactor at high temperature (800-1,300 ~ is equal to the 
sum of the combustion and the heat absorbed from reduction reac- 
tor. It means that a greater amount of highlevel heat can be obtained 
by utilizing the middle temperature heat absorbed from reduction. 
This allows a higher thermal efficiency of the combuaor or power 
plant to be obtained [Ishida and J ~  1996]. 

The LNG fueled power generation system with the chemical loop- 
ing combustor has the following major advantages: (a) Since the 
thermal efficiency of this plant may reach a new generation level, 
i.e., higher than 6I )oo (based on LHV), the generation of CO~ per 
kWh electricity can significantly be decreased to 0.33 kg-COjkWh 
(b) This combustor does not need pure oxygen, which requires high 
power consumption for O, generation, say for OJCQ, combustor. 
(c) Since the reduction reaction produces only carbon dioxide and 
water vapor, CO~ can be easily separated and collected by cooling 
the exhaust gas [Ishida and Jin, 1996]. (d) There is noNO, emission 
because the oxidation is a gas-solid reaction between metal and air 
without a flame [Hatanaka et al., 1997]. 

The purpose of this paper is to examine the kinetics of Ni and/or 
NiO mixed with bentonite in the form of particles instead of pow- 
der and to clarify the effects of the various parameters such as weight 
percent of Ni or NiO in the oxygen carrier particles and reaction 
temperature. We carried out experiments to clarify the fundamental 
kinetics of the two reactions (oxidation and reduction) agplsdng nickel 
as metal and methane as a fuel. The key points inthe development 
of this combus~or are high kinetic rates of both reaction and the life 
of particles that circulate between the two reactors. 

EXPERIMENTAL 

1. Preparation of Materials 
We used nickel (Ni/bentonite) as metal in oxidation reaction and 

nickel oxide (NiO/bentonite) as metal oxide in reduction reaction. 
1Atre nickel powder and bentonite powder were used to prepare the 
particle. Their average sizes were 1.5 and 3.9 pro, respectively. 
1-1. Ni/Bentonite Particles 

First, these two kinds of powder were mixed and then milled. 
Distilled water was added to this powder mixture, and obtained paste 
was dried at 105 ~ for 24houn Dried material was crushed and 

dry sieve analysis was carried out. To measure the Ni weight per- 
cent in Ni/bentonite particle, particle density and porosity, EDAX 
and mercury porosity analysis were carried out. 
1-2. NiO/Bentonite Particles 

Ni/bentonite particle was calcined in the air at ~)0 ~ for 6 hour, 
and dry sieve analysis was carried out. To examine the existence of 
nickel, which had not reacted with oxygen, X2r analysis was 
carried out. The particle density and porosity were measured by 
mercury porosim eter. 

We prepared the four ldnds of Ni/bentonite and NiO/bentonite 
specimens (particle B through E) according to the weight percent 
of Ni and NiL) in oxygen carrier particle. The physical properties 
and Ni (or NiO) weight percent in Ni/bentonite (or NiO/bentonite) 
particles are listed in Table 1. 
2. Experimental Apparatus and Methods 

The reaction rotes of each solid particle were meas~ed by a TGA 
(thermal gravimelrical analysis) system. Fig. 2 is a schematic dia- 
gram of thermal gravimetrical analyzer apparatus (TGA 2950, TA 
Instrument). The temperature range, heating rate range, maximum 
gas flow rate, weighing range of TGA 2950 are 25-1,0(~) ~ ().1- 
100 ~ 100 ml/min, 0.1 pg-lO) mg or 1 gg-l,IXg) mg, respec- 
tively. The specimen particle was placed on a sample Fan situated 

Table 1. Physical properties and composition of Ni/bentonite and 
NiO/bentonite particles 

Ni Porosity Particle density Bulk density 
Ni/bentonite 

~0.0 Eqo] [kg/m ~] Ekg/m 3] 

Particle B 21.6 68.1 2655 847 
Particle C 37.9 68.2 2962 941 
Particle D 51.9 77.5 5197 1170 
Particle E 74.0 79.5 7374 1515 

NiO Porosity Particle density Bulk density 
NiO/bentonite 

~~ [~ [g/cm ~] [g/cm ~] 

Particle B 26.0 71.4 3562 1020 
Particle C 43.7 71.3 3629 1043 
Particle D 57.8 64.5 3589 1273 
Particle E 78.4 59.0 3731 1530 
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Fig. 2. Schematic diagram of TGA reactor. 
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Table 2, Summary of e~xpcrimental methods and variables 

Reaction Oxidation Reduction 

Particles Ni/B eutonite NiO/Bentomte 
Method Isothermal Isothermal 
[herr gas N, N, 
Reacting gas Air { 100 ml/min) CtL (5.04%, 100 IN/Iron) 

Experimental variaNes 

Ni or NiO content Particle B, C, D, E Particle B, C, D, E 
Temperature [~ 850, 900, 950, 1000 650, 700, 750, 800, 850, 

90O 

on the sample arm of the balance. The reactant gas (Air for ox- 
idation and CtL for reduction), which was controlled by float type 
flowmeter, was introduced into the reaction unit Inert gas (N~) was 
fed into the weighing unit to prevent the reactant gas from diffus- 
ing into the balance chamber. When the temperature reached the 
specified value by use of an electric furnace, four-port switching 
valves changed the gaseous stream from nitrogen to reactant The 
weight of the solid particle and the reaction temperature were re- 
corded cmm-~uously by a computer. In all e~efiments the flow rates 
of the reactant gas (Air or Ct~) and inert gas (N~) were set as 100 
ml/min (at standard s~te) to make the effect of gas film diffusion 
negligibly small. 

The weight percent of Ni or NiO in the oxygen camer particles 
and r eason  temperat~e were considered as eN:erimental variables. 
Experimental methods and variables are summarized in Table 2. 

RESULTS AND DISCUSSION 

1, Oxidation Reaction 
Fig. 3 shows the oxi&qtion reaction results of Ni/bentonite parti- 

cles of 80 ~ra in diameter according to the weight percent of nickel 
in the oxygen caner  particle& The oxidation ~werhn ents were per- 
formed at ~Zl0 ~C. The oxidation conversion X is ?lotted against the 
reaction ~me, where X is defined as X (W-W~)/(W~_.-W~,), 
where W ~s instantaneous weight and W~,, and Wu,, are the com- 
pletely reduced weight (initial weight) and completely oxidized 

weight, respectively. Therefore, X=I corresponds to completely 
oxidized state (NiO/bentonite), while X=0 to completely reduced 
s~te (Ni/bentonite). A significant effect of Ni content on the oxida- 
tion rote is seen in Fig, 3 for different contests ofNi: 216, 37.9, 51.9, 
74.0%, Completely different behaviors were observed, and the ox- 
idation rate @ended  strongly on the Ni content. As can be seen in 
Fig. 3, the oxidation rate increased with mcreasirg the mckel weight 
percent (E>D>C>B). For 74.0% Ni content, we found a satisfac- 
tony high oxidation rate. The explanation is that the Nrticle E has 
larger tx~ros~ty (larger surface area) than other particles over which 
the reaction can take plaoe, ~n aller diffusion resistances of O~ through 
the product layer and gas flhn. For pure nickel particles, the nickel 
particle was sintered and unsuitable to use as fluidizing particles. 

The effect of the reaction temperature was examined for Ni/ben- 
tonite particle E of 80 N'n in diameter The results are shown in Fig. 
4. It was found that the oxidation rate is strongly dependent on tem- 
perature, and increased with increasing the reaction temperature. 
As e:cpected, the reaction rates are low at low temperature because 
of reaction rote constant. 
2. Reduction Reaction 

"~ 0r6 
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0.0 
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Fig, 4, Effect of reaclion temperature on o~dation reaction of Ni/ 
bentonite particle. 
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Fig, 3, Effect of Ni weight percent in Ni/bentonite particle on o~- 
dation reaction. 
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bentonite particle. 

separating the solid reactant core from outer product layer The initial 
reaction su-face corresponds to the external su-face of the solid. The 
thiclmess of the product layer increases with time, producing a shrink- 
ing core of unreacted solid. Within the core of solid reactanl, the 
concentration is unchanged from its initial value of CB0, while the 
solid reactant concenWation within the product layer is zero. The 
general gas-solid reaction can be represented by the following six> 
ichiometry: 

A(g)+bB(s)----* Product (3) 

For the Ni?oentonite and NiO?oentonite particle, the specific reac- 
tion is 

O2(g)+2Ni ~2NiO (4) 

CH4(g) + 4NiO ~ CO2+ 2H20+ 4Ni (5) 

The following assumptions are made [Marban et al., 1999]: 

- The porosity of the oxygen carrier particles is neglected. 
- The particles are spherical. 
- There is no influence of e:~ernal mass transfer on the reaction. 
- The reaction is first order with respect to the concentration of 

reactant gas. 
- The particle volume is constant during reaction because of the 

physical strength of bentonite. 
- The reaction is isothermal and at pseudo-steady state condition. 

With these hypotheses the following conversion-time e?cpres- 
sion for the reaction of Ni/bentonite(and/or NiO/bentonite) parti- 
cles are obtained [Szekely et al., 1976; Na et al., 1999; Quiet  al., 
1997; Kang et al., 1997]: 

Fig. 5 shows the reduction reaction results of NiO/bentonite par- 
ticles of 80 l_Lrn in diameter according to the weight percent of nickel 
oxide in the oxygen cartier particle. The reaction temperature was 
8()) ~ The reduction conversion X is plotted against the reaction 
time, where X is defmed as X=(W,~,-,-W)/CvV,,-,-W~,). As can be 
seen in Fig. 5, the reduction rate of particle D was faster than that 
of particle B, C, and E. The explanation is that the particle D has 
larger porosity (larger surface area) than particle E over which the 
reaction can take place, smaller diffusion resisiances of ~ through 
the product layer and gas film. 

Fig. 6(a) shows the dependence of reaction teml:erature on re- 
duction rate ofNiO/bentonite D particle. The particles tested were 
80 pm in diameter. The reduction rate increased as the reaction tem- 
perature increased from 0)0 to 800 ~ At high temperabare (850 
and 9(K) ~ the reduction rate decreased as temperature increased 
Fig. d(b) shows the reduction rates at three different reduction con- 
versions, X 0.2, 0.5 and 0.7. The reduction rate exhibits maximum 
value as reaction temperature increases. The reduction rate at X = 
().2 shows maximum value at 750 ~ However, the reduction rates 
a tX 0.5 and 0.7 show maximum value at 800 ~ 
3. Interpretation by Macroscopic Reaction Model  

The unreacted-core model was applied to interpret the above ex- 
perimental results for Ni/bentonite particle E (for oxidation reac- 
tion) and NiO/bentonite particle D (for reduction reaction). The un- 
reacted core model requires that the reaction be confined to surface 

t=t~+L (6) 

where 

t~ = ~ [ 1  - (  1 - X )  1~] (7) 
Ol',.t._ a A0 

t ,: .~w [1 3< i  x1:~+2(1 x)] ~8) 
0DUeUA0 

t is the elapsed time to achieve a conversion x, t~, is the time necessary 
to get the same conversion under chemical reaction control and tj 
represents the time under product layer diff~ion control. The initial 
concentration of the solid reactant (CB0) is given as follows [Shin, 
1990]: 

w0(1-~) C~0 - (10) 
MBFWu + (1 w~ 1 

L PB PN 

where w0 is the initial weight fraction of Ni (or NiO) m Ni/ben- 
tonite (or NiO/bentonite) particle, ~ the porosity of solid, ME the 
molecular weight of Ni (or NiO), p~ density of Ni (or NiO), and p~ 
the density of bentonite. 

The reaction rate control resistances of oxidation and reduction 
of ox-ygen cartier l:articles were quite different because the extent 
of penetration and diffi~ion of reactant gas through the Ni or NiO 
layer was different The layer of NiO was denser than that of Ni 
[Hatanaka et al., 1997]. At the early reaction stage, CtL performs 
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the role of removing the dense layer of NiO, i.e., the ot~a- s!dn from 
the metal l:osticle. And thereaRer, CtL can easily enter into the inside 
through the bose layer of Ni and react with internal metal oxide as 
can be seen in Fig. 7. However, in the oxidation reaction, the thick- 

(.),~datt,:m D e n s e  .~ge~ ~ o f  l~r 

ness of dense NiO layer increases with time. Penetration and dif- 
fusion of Oe through the dense NiO layer is difficult (Fig. 7). There- 
fore, in this work, we assumed oxidation reaction is product layer 
diffusion conlrol and reduction reaction is chemical reaction control. 

Fig. 8 shows results simulated by a special case ofunreacted core 
m~xlel in which the global reaction rate is conlrolled by product layer 
diffusion resistance. The lines in Fig. 8(a) represent the curve sim- 
ulated for base case of Ni/bentonite particle E for oxidation reac- 
tion, where the effective d i t~ ion  coefficient D~ was chosen to best 
fit the observed data shown by symbols. It is found for the oxida- 
tion reaction that the curve obtained by the pr~xluct layer diffiasion 

N~ 

,t4tO. 

Fig. 7, Illuslralion of a reacling particle at oxidalion and reduc- 
tion. 

Table 3. S u m m a r y  of determined effective diffusion coefficients 
and chemical reaction rate constants by unreacted core 
model  

Oxidation Reduction 

Temperature [~ D~ ImP/s] Temperatm-e [~ k [nfs]  

850 1.436" 10 11 600 2.030x 10 4 

900 1.920 �9 10 -u 700 3.140 x 1 0  .4 

950 4.548 �9 10 " 750 4.408x 10 4 

1,000 7.012" 10 -11 

"1" . . . . . . . . . . . . . .  [ ............. 1' ' ] [ " 
,, (a) 

Z 0,8 

' ~  0 ,6  
T e m p e r a t u r e  [~C] 

o [ ff Id~'5"~ 0 850 ~C o = 
.~ 0.4 ~ 900 ~ 

IF A 950 ~ 
0 1000 ~ 

02 

O . O ~ - - - J  1 J I 
0 2000 

-22  - -  

I (b) 

- 2 3  

-24 

-25 

-26 

T - - - -  �9 

Symbols : measured values 
L i n e s  : c a l c u l a t e d  values 
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Time [sec] 
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Ni/bentonite particle (product layer diffusion control). 
(a) Comparison of calculated conversion curves by unreacted 
core model with the ex-perimental data. 0o) Tempep~m depend- 
ence of the effective diffusion coefficients. 
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Fig. 9. Results of um~acted core model for reduction reaction of 
NiO/bentonite (chemical reaction control). 
(a) Comparison of calculated conversion curves by unreacted 
core model with the experimental data do) T e m p ~  depend- 
ence of  the chemical reaction rate constants. 
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control model simulates reasonably well the experimental results, k 
The obtained values of D~ are shown in Table 3 and reasonably well l%A 
fitted to the Arrhenius equation, as can be seen in Fig. 8(lo). A fit- MB 
ting of D~ with temperature shown in Fig. 8(b) pen-nits to express R 
the effective diffmivity as a function of temperature by means of 1~ 
following equation: T 

t 
D~=1.76• ~exp( 31454.2~, ,,~ )[m/bl r~=0.98 ( 11 ) tc 

Fig. 9(a) shows results simulated by a special case of unreacted ta 
core model in which the global reaction rate is controlled by chem- 
ical reaction resistance. The lines in Fig. 9(a) represent the curve W 
simulated for lmse case ofNi/bentonite Fartide D for reduction reac- W~v 
tion. The rate constant for chemical reaction k was chosen to best W,v,-, 
fit the observed data shown by symbols. It is found for the reduc- wo 
tion reaction that the curve obtained by the chemical reaction con- 
trol model simulates reasonably well the e:qoerm~ental results. The X 
obtained values of k are also shown in Table (3) and reasonably 
well fitted to the Arrhenius equatior~ as can be seen in Fig. f;<b). A 
fitting o f k  with temperature shown in Fig. 9(b) permits one to ex- 
press the chemical reaction rate constant as a function of tempera- 
ture by means of the following equation: 

, { 8854.1 
k =3.27• ~ exp , -  - - ~ T -  ) [m/s] f=0.98 (12) 

Based on the comFarison between experimental data and model, 
the o~dation reaction is controlled by product layer diffusion resis- 
tance and reduction reaction is controlled by chemical reaction re- 
sistance. 

CONCLUSIONS 

The oMdation reaction rate increased with increasing we~ght per- 
cent of nickel in oxygen carrier partJcles and reaction temperaatre. 
The rate of reduction shows maximum paint with weight percent 
of nickel oMde and reaction temperature increased. Based on the 
COlnparison between e~ermlental data and model, the o~dation 
reaction is controlled by product layer diffusion resistance and re- 
duction reaction is controlled by chemical reaction resistance. Tern- 
perature dependence of the effective diffusivity of oxidation reac- 
tion and reaction rate constant of  reduction reaction could be cal- 
culated from eN'oerimental data and can be fitted to the Arrhenius 
equation as follows: 

D~=1.76• -: exp( 31454.2 RT ) [re-?s] 

( ss54.1] 
k=3.27• ~ exp< RT } [in/s] 

NOMENCLATURE 

A(g) : gas reactant 
B(s) : solid reactant 
b : stoichiometric coefficient of reaction 
CA0 : bulk concentration of gaseous reactant [kg-mol/m ~] 
CB0 : initial concentration of the solid reactant [kg-mol]m 3] 
D~ : effective diffusion coefficient [me/s] 

: chemical reaction rate constant [m/s] 
:mass transfer coefficient [m/s] 
: molecular weight of  Ni (or NiO) [kg&g-mol] 
: gas constant, 1.987 [Kcal/kg-mol K] 
: radius of  particle [m] 
: absolute temperature [K] 
:time [sec] 
: time necessary to get the conversion x under chemical reac- 
tion control [sec] 
time necessary to get the conversion x under product layer 
diffusion control [sec] 
instantaneous weight of  particles [mg] 
completely reduced weight of particles [rag] 
completely omdized weight of particles [mg] 
initial weight fraction of Ni (or NiO) inNi/bentsmite (or NiO/ 
bentonite) particle [-] 

:conversion [-] 

Greek Letters 
: porosity of  solid [-] 

PB : density of Ni (or NiO) [kg/m 3] 
9N :density of bentonite [kg/m 3] 
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