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Overview: N

Background
« Chemical Looping Combustion
 Problem Statement

CuFeAlO,— Gas Phase System (H, and CO)
 Modeling of Gas-Solid Reactions (Underlying assumptions of the SCM model)
« Thermogravimetric Analysis
 Reduction Pathway (Solid State Chemical Changes associated with O% extraction)
 Physical properties (BCs & Const.)
 Surface Morphology Changes due to reduction (SEM)
Kinetic Modeling
» Iso-conversional Techniques (Determination of Conversion dependent activation energy)
* Model descriptions and comparisons between gas phase components

Summary
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Configuration:

— Dual reactor design:
* Fuel Reactor \ Flue Gas:
(Reducer) L e— Combustion:
. 0O,
* AIr Reactor H,0
(Oxidizer) Co,
_ Air Reactor
Foundation: —

Fuel,
Syngas
(CO +Hy,)

« Oxygen Carriers

T

Advantages:
Alr H,0/CO,

— Nodirectcontact
between fuel and air.

— Product stream not Reduction: | (2r+m)Me 0, +Collzm = (20 +m)Me, 0y + 10z + (U
diluted with Nitrogen |___Combustion mH20
Syn-Comb H, Me,0, + H; > Me,0, 1+ H,0 (2)
— No need for pure Svn-Comb CO Me,0, + CO > Me .0, ,+ CO 3
OXygen via Cryogenic ["5¢ Regeneration: Me,0y_; +(0.5)0,> Me;0, “
separation Oxidation

Figure adapted from:[1] Bayham, S., Straub, D., and Weber, J., “ Operation of the NETL Chemical Looping 3

__y_::—-"l 3752\ U.S. DEPARTMENT OF w
ENERGY v Reactor with Natural Gas and a Novel Copper-lron Material,” NETL-PUB-20912; NETL Technical Report

Series;U.S. Department of Energy, National Energy Technology Laboratory: Morgantow n, WV, 2016; p 52




Problem Statement and Focus Areas

Design specification

1. Power

2. Operating pressure

3. Fuel type (natural gas)

Motivation:

 Reaction Kinetics are a major pillar of !
CL system design procedures L Temperature. ) Bed opersingregimes
. . . . Carrier reactivi * 2. Solid entrainment rates
« Lack of uniformly descriptive models 2+ os conversion” 3. Gas leakae
. . . . Carrier capaci 4. Residence time
in the literature to explain SUSESL.
phenomenological behavior f
. . . L. Design criteria Design specification
 Need for descriptive material specific L. Fuel mass flow L. Reactor geometry
. 2. Air/Fuel ratio < »| 2.Bed height .
particle scale models for advancement | 3 solidcrculation rate 3 hed cross section

of the CL process concepts Design procedurefora CL reactor system,

adapted from [2]

Focus Area:

« A Kkineticanalysisofthe reduction (with H,, and CO) for gas phase fueled chemical
looping combustion applications to deriveparticlescalerepresentative models for
a Cu(Fe,_,Al,)O,0xygen carrier.

. *CuFeAlO,

( : EﬁFETﬁEFY w [2] J. Li, H. Zhang, Z. Gao, J. Fu, W. Ao and J. Dai, "CO2 Capture with Chemical Looping Combustion of 4
Gaseous Fuels: An Ovenview," Energy and Fuels, vol. 31, pp. 3475-3524, 2017.
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CuFeAlQ, — Gas Phase System N ooy

@ Cu?t, Fe?*

@ O Synthetic OC currently in development for
@ re AP pilot scale applications

Key Modeling Questions:
(1) How does the oxygen carrier change with
extent of solid conversion?
« Chemical Properties:
« Phase, Lattice alterations

Crystal Structure of Cu(Fe,_,AlL)O, (0< x<2) ° Ph yS | C a| Pro p ert | es
spinel incubic phase

 ParticleSize
o Surface Area/Porosity

[lcuFeaio

(111) (220)

M | T 1
r [411) ![2254]‘10) [5‘111 l {5?3)
* b
Camio |1

e « Skeletaland Bulk Density
(2) What types of interfaces exist for oxygen
transferand what is their impacton the
transfer rate?

Intensity (a.u.)




Conceptual model for Gas-Solid Reaction =] aron

S stems: TL[EstNooey
Shrinking Unreacted Core Model
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d dc
aA(g) + bB(s) —» cC(g) + dD(s) * T >T >, (rz .d_:‘) =0

3
0C: — Xp 1 B (To)
e — 4+ VN; =R, ,Continuity Eq. p3Ca/
* (C;= conc.of ithcomponent ° -
dt 1, (ro) 14 n 1 1
e N; =molar flux of ithcomponent 2k D 1 —x.\2/3k"
= . . . Y~kg e 3 (1-Xp)“/ >k,
. i = molar rate of production per unit vol ithcomp F%’ (1—Xp) reaction
oC Product Layer Dif fusion

e —i=0, P.S.S.A
ot
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Conceptual model for Gas-Solid Reaction =] aron

TECHNOLOGY

Systems: TLJESERISS

Simplified Grainy Pellet Model

aA(g) + bB(s) —» cC(g) + dD(s)

Fundamental Assumptions:

* The Oxygen carrier grains are
considered non porous (S1m?/g)

e (Considered spherical*

* Size is constantduring reaction

* Reactionis carried outisothermally

* Pseudo-steady state approximation is
applicable

WVUSRF 15.0kV 12.0mm x500 SE(M)




Thermogravimetric Analysis (TGA) of CLC reactions

TGA-MS

 Experimental Parameters:
* |sothermal Reaction studies
« Temperature Ranges: 700-

TA Discovery TGA-MS Reactor Setup 850°C, 50°C increments
) i " - V)
Hangdown J—. Balance Purge Reducing gas conc: 5-20%H,
wire, linked to |7 or CO
microbalance ) ) .
— Quartz Reactor * Reduction Time: 10-60 min
Spectrometer Tube « Oxidizing gas: Air
Capillary e Oxidation Time: 20 min
Sample Gas
Effluent I I Inlet e 5 Cyc|es
1 .

= —— « On-line MS for Gas product
IR Heating | Sample Pan anaIySiS
Furnace  Purpose: Build broad operational
Energy e | | sample scale data matrix for model
Adsorbing Thermocouple fitting and validation
Cylinder
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TGA-MS & use for Kinetic Modeling of OCs in CLC

TG-MS CuFeAlO, Cycle 1 of 5 cycle test 5%H, _
@ 700°C Conventionally:

100 5 § | - *t Extent of conversion: (Overall
L ; } S conversion, TGA)
80 ‘,/We'ight(mg) o Solid conversion based on
7.0 i i - *  instantaneous weight change data
X ] I i
560 1 ' | g B
PR, 5 | "t X (t) = mo—m(t)
ga.o ] i 57 3 p mo_mf :
3.0 ] ' 56 - my = initial mass (CuFeAlQ,)
2.0 : (mg)
- 55 .
1.0 j - m(t) = instantaneous mass at
0.0 [ 54 time, t
| ! Time (min) - my = final mass (oxygen

depleted Copper-Ferri-
Aluminate)




Determining the reduction pathway

A [ cureyal0, = ‘ |
. (511)
of CuFeAlO, Oxygen Carrier | e (’m, |
XRD Analysis of TGA Samplings @ L e | BT I —g CuFedlO,
- 850 ; ' i Post i
iy :, L- ] i \ : / / Oxidation:j
20% H, Bal T UHPAC | [ 750 . ' ) .
62 1 U.H.P Ar r : : /”203
650 : Eold : + Cu
60 4 o coben ' : P i + Fe
9 ®  0Q1(025min) F 550 = ] ! : '
= ® (2 (0.5 min) H | k 3 1 H [ ]
LE s Gelismm f z : e
£ o as(zmin) [ a0 £ H i i i
g = Q5.5 min) [ i . i i i
* & = Qs0smn 350 3 ! P FeAl,0
= 09(10min) © : 3 ! i ] 24
54 4 _g:‘:{::::::::‘r’t_ﬁloﬂdaﬁm 250 \g; ! H : :. + Cu
W E : i
S R S - !i . CuFeAlO,
000 1000 2000 30.00 4000 5000 6000 70.00 | 80.00 : ! . : CuAlOz
Time (min) | i: E . i E
* Phase changes due to reducing gas A: .: ' o, J___0:25 min
exposure | T A
«  Possible contributing reduction routes: Lo I CuFeAlO,
) YAt : A AN\ e
« Cu(FeA)O,= Cu+ Fe + 3.502+ - =
0.5A1,04
e Intermediates: FeAl,O, , CUAIO, 2200 3200 ' 4200 5200 6200 7200
* Theoretical Oxygen Transfer i | 20
Capacity:14.5% Reduction pathway-XRD scans of Fresh

Cu(FeAlO, Oxygen carrier and from
controlledreduction during 20% H,
exposure at 800°C (XRD scans conducted at
ambient temperature)




800°C Isothermal H, Reduction

Determining the reduction pathway o | C“Fem“'ﬁ“* R CT
CuFeAlO, Oxygen Carrier WO v
In-Situ High Temperature XRD Analysis l i l | |
| - :
Within 1.5
minutes of
reduction, | —~
X,=06 |32
>
Anton Parr HTK 1200N 2
Isothermal: 800°C with Incremental Reduction | =
gas dosing |
Lattice Expansion and Contraction occur I f
simultaneously as CuFeAlO, spinel is reduced: \ }
« Formation of CUAIO, (contraction) and Cu ! }
& Al-deficient Fe-Aluminate (expansion)
Lattice alterations: a=b=c=+0.101 Angstrom \ |
followed by -0.130 Angstrom i f
Occurs quickly, within the first 1-1.5 min of e
22.00 32.00 @ 42.00 52.00 62.00 72.00

reduction: (based on ex-situ experiments) , !
Reduction pathway-In Situ XRD scans of

Final reduced phases confirmed at operating CU(ReANO, Gxygen carrier with inorement
temperature controlledreduction dosing of H, at 800°C

(XRD scans conductedat 800°C) u
Picture from: http://www.uam.es/ss/Satellite/en/1242668321033/1242691900286/UAM _Equipo_FA/equipo/Panalytical X Pert"| .
B L GGGEEGEGEEEES———




Extent of Reduction effects on Particle Size N=|Maronat
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Pellet Size distribution density for Fresh and Fully Reduced OC

9 -

g 1~ Before Full Reduction
] density distribution

7 i SMD: 413.137.80 um

—e— After Full Reduction with
10%H2 @ 800°C density
distribution

SMD: 416.64£8.71 um

Density Distribution q3*
=9

200 250 300 350 400 450
Particle Size (um)

S. DEPARTMENT OF

Slight shift in Sauter Mean
Diameter (SMD). Suggests that
there is minimal change in
particle size when the material
is fully reduced

Macroscopic indicator that
grain swelling/shrinkage is not
occurring.




Extent of Reduction effects on Surface Area
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Surface Areaand Porosity: Micromeritics ASAP 2920

2.50E-05
Surface Area with respect to Extent of Reduction and post i
oxidation/cycling l —e—Cu(FeAl)04 Fresh
1.8 —e— Cu(FeAl)O4 Partially Reduced, Xp=0.5
1.6203 2.00E-05 -
L6 ' —a— Cu(FeAl)04 Fully Reduced, Xp=1
' —e— Cu(FeAl)O4 Post Redox Cycling FBR
1.3876
1.4 —_
= 1.50E-05
— % 1.50E-05 -
212 0.952 =
£ 2
= 1 o
o £
< 3
. o
g 0.8 S 1.00E-05 -
€ v
0.6 o
7 a
0.4 0.1596
5.00E-06 -
0.2 .
0 i
Cu(FeAl)O4 Fresh Cu(FeAl)O4 Partially Cu(FeAl)O4 Fully Cu(FeAl)O4 Post 1 . e ° -~ N
Reduced, Xp=0.5 Reduced, Xp=1  Redox Cycling FBR 0.00E+00 — T T '
10 100

Pore Diameter (A)

* Pellet surface area increases with extent of solid conversion

« Complementary increase in pore volume associated with ~22A and
50-800A pores

» Surface area and micro-porosity maintained after regeneration

DEPARTMENT OF

NERGY

1000




Determining the morphology and surface changesthrough
examination of TGA controlled reduction sampling

SEM Comparative Analysis of Fresh and Partially Reduced OC

Fresh Reduced 10 min at 800°C

Surface morphology alters
» Pores arise in product layer 20-500 Angstroms
» Collective nodular phases of Cu®
« Correlates with SA & Pore distribution findings

#%% U.S. DEPARTMENT OF

{6ENERGY




Particle Size impact of reduction Behavior [NFREES.,

TGA: 25-500 micron PS impact 20% H, @ 800°C

800

100 4

— 425 500 micron

@
3
Rl
L]
£ g
S g5 —213-250 micron £
= —250-300 micron oy
2 — 300-425 micron =

—500-582 micron
—Less than 25 micron

90 4

- 200

85 T T T T T T T T T T T T T T T T T T T 0
60 65 70 75 80 85

Time t (min)
 Prevalenceofdiffusion controlled regime resides in particle sizes 25-582 micron

 Particlesize does notimpactrate of conversion and presence of diffusion
controlled regime

* Regimeinfluenced by individual granularcomplexes
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« Background
 Chemical Looping Combustion
 Problem Statement

e CuFeAlQ,— Gas Phase System (H, and CO)
 Modeling of Gas-Solid Reactions (Underlying assumptions of the SCM model)
e Thermogravimetric Analysis
 Reduction Pathway (Solid State Chemical Changes associated with O% extraction)
 Physical properties (BCs & Const.)
 Surface Morphology Changes due to reduction (SEM)
 Kinetic Modeling
» Iso-conversional Techniques (Determination of Conversion dependent activation energy)
* Model descriptions and comparisons between gas phase components

e Summary

DEPARTMENT OF




CuFeAlOQ,0OC — Impact of reducing gas at 700 & 850°C- N = [NATIONAL
Comparative reactivity with CO and H,, TLJREORRIoRe

" TGA —Reducing gas and temperature effect

TG—-700& 850°C

101 -

% 3 I * Reactivity comparison

o | * Temperature: 700°C
| b CO> H2
o5 | * Temperature: 750-850°C
] b H2 >CO
» Extent of reduction increases with
rise in temperature (no sintering
\c effects seen in this temperature
range)
* Range of temperaturesused for
extraction of activation energies

Weight (%)

93

91 ]

89

87 ——20%H2 850°C ——20%H2 700°C
——20% CO 850°C ——20% CO 700°C
s+——v "+
50 100 150 200 250 300 350

Time (min)

S. DEPARTMENT OF




CuFe, AlLO,Pelletized OC —Overall Activation Energy N=|AnoNAL
Determination for CO & H, Tl: TECHNOLOGY
Reduction Activation Energy: Temperature Range 700-850°C
100 1
90
20 E —+—Ea (kJ/mol) [Reduction, 20% CO]

70 ]

—+—Ea (kJ/mol) [Reduction, 20% H2]

60 -
50 1
40 7

30

Activation Energy Ea (kJ/mole)

20

10 A

o tr——rrrr

XA,(conversion, reduction)

» Overall Activation Energies determined through model free iso-conversional methods

e In(t) = (—lnA +In fox%) + i—;, By plotting In(t) with respect to 1/T for given value of X, (Slope of

regressionline)
« Provides E, as a function of X,,: Denoting possible controlling regime shifts

3 U.S. DEPARTMENT OF

'ENERGY




CuFe, Al,O,Pelletized OC —Kinetic Particle Scale Representation N=|NATIONAL
1 [TECHNOLOGY
A p p ro a'C h TL LABORATORY
TG Profile Examination Reductlon Profile: 750°C with 20% H
Inert Purge: Inert 62 1 I : - 800
Uncoupling Reduction Purge: Oxidation i —
62 :: : : I : 800 61 | 1 : - 700
: I T | ] I Fast i
61 | | | I 700 ] | Reaction |
i | ! ] " | Segment- I [ o
60 | | | I 600 | Reaction |
S R : o] 1K conro N
1 I I I 1500 — I I 3
A e | 5 | :
W - 1 . ow | L o
_E_SS i 1 I I oo 3 =8 I Transition Reaction i 400 -Er
£ 1 [ I 1 £ 2] 1 Region I o
T I egntmg | 1 I 1 2 g ] wernime Segment— | 0 B
=5 it - | ' 308 b / Diffusion | =
/] 1 I 1 1\ Based I
56 :: —Temperature‘l: : : 200 56 ] —Tempdl‘atur:e CI ContrOI : L 200
! AN ! [ !
*3 I I I 1 '® 55 | RO, 100
1 [ 1 I I ' o I
P | I | k. 1, 1 P 1
0.00 500.00 llJJOOO 1500 00 2000.00 ?_50000 3000.00 350000 54 — !. 3 : — 7T T—T— T — T .! —— 0
Time (sec) 800.00 1000.00 1200.00 1400.00 1600.00

Time (sec)

* Reduction Reactions under consideration:
e bH,+ 2CUFGA|O49 2Cu+2Fe + A|203 + 5H,0
* 5CO + 2CuFeAlO,~> 2Cu+ 2Fe + Al,O;+ 5CO,

» Proposed Representation:
» Series based mechanism bound by conversion limits. Transition fromreaction control to diffusion based
control. When one step ends the other begins denoted by a transition region solid conversion value, X;.

. DEPARTMENT OF




CuFeAlO, Pelletized OC —Kinetic Particle Scale Representation N=|AnoNAL
Approach TLBSiisy

* Proposed Representation:
» Series based reduction mechanismwhere reaction control and diffusion based control are
represented by the Shrinking core model.
» Shrinking Core model with reaction-diffusion resistances in series:
» Kinetic-Reaction Controlled Reduction Segment:

1
. t=rR(1—(1—Xp)§) 0<X,<X;

» Diffusion controlled Reduction Segment
2

— 2 — 1
. t=1, (1—3(1_§?>3+2(%>>+TR (1-a-x)), x,<x,<1

i

» Series based mechanismis bound by conversion limits. When one step ends the other begins
denoted by a transition region conversion value, X;, Transitionregion occurring from 0.4-0.6

» Thisrepresentationis influenced by Park and Levenspiel’s derivation of the Crackling core
model

S. DEPARTMENT OF




CuFeAlO, Pelletized OC —Kinetic Particle Scale Representation
Approach cont.

N=
TL
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» ProposedRepresentation (cont.):
* Model Parameters:

* X, = Oxygen (Carrier conversion
PBRp
bk gChy
s pp = particle density [g/cm?]
* Rp = mean particle radius [cm]
» b =stoichiometricfactor
* kyg = reactionrate constant [cm/s/

[ ] TR=

* C}, = concentration ofreactant in gas phase [g/ cm’[, with n = order of

concentration dependence
PBRp

* D, a4= effective diffusivity ofreactant [cm?/s]
» X; = Transitionregion conversion value

Tp =

S. DEPARTMENT OF
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Complete Reduction Representation with 20%H, @ 800°C, 60 min reduction
1 - - 62 - - 900
09 [ 800
60 - Shrinking Core model with reaction-diffusion resitances in series: i
0.8 - Kinetic-Reaction Cuntrlulled Reduction Segment:
t= r,(l-(l—x,)i) 0<X,<X L 70
0.7 | Diffusion controlled Reduction Segment [
- ol IR (R e ) R (R S S
= 06 3
'.§ ? Measured Weight (mg) 500 E
T 0S5 = 56 o
= £ ) ) c
[v} o = = Predicted Weight (mg) 400 g
> 0.4 & -
= o
54 - Temperature (°C) L 300
0.3 [
0.2 Cycle 3@ 800°C ] - 200
s2f 7 0 TT===-.
0.1 - - - - Cumulative Model : 100
E Representation
[ e e L B e e e e e e A E e e e e e e I B mn | Lo S T T T . i 4]
0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00 0.00 500.00 1000.00 1500.00 2000.00 2500.00 3000.00

Time (sec) Time (sec)

«  k;;»(800°C) = 0.068 [cm/s]
* D, 4,(800°C)=5.80E-6 [cm?/s]

- Basedon model: t(X, = 0.5, @800°C with 100%H,) = 13.16 sec
* X,=0.5, OTC = 6.65 wt% transferable oxygen

* R2=0.986

. DEPARTMENT OF




CuFeAlO, Pelletized OC —Kinetic Particle Scale Representation: N=|AnoNAL
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Complete Reduction Representation with 20%CO @ 800°C, 60 min reduction
62 - r 900
1 | —
] ] - 800
0.9 ] 60 - Shrinking Core model with reaction-diffusion resitances in series:
] Kinetic-Reaction Controlled Reduction Segment: L
] 1 r 700
038 1 t= 1p (1—(1—Xp)3) 0=X,<X; F
] Diffusion controlled Reduction Segment
] ] z . C
07 3 8 t=1p (1 ~3(p) +2 (:‘;)) cl--x)%), X, =x,<1 [ 60 .
— m
§ 06 @ i -g
.s‘ ] E’ Weight mg - 500 o
g =56 &
E_ 0.5 1 ﬁo — — Predicted Weight (mg) [ 400 g
g 2 =
X 04 ] = T fure *C o
_ 54 | emperature [ 300
03 ]
] TTE= L 200
0.2 ] Cycle 3@ 800°C 5] — i
] ] - 100
0.1 4 - - — Cumulative Model r
Representation
ol Nt 0
0.00 500.00 100000 150000  2000.00  2500.00 3000 0.00 50000  1000.00  1500.00  2000.00  2500.00  3000.00
Time (sec) Time (sec)

*  kcp(800°C)=0.032[cm/s]

* D, (800°C)=2.88E-07 [cm?/s]

- Basedon model: t (X, = 0.5,@800°C with 100%C0) = 14.2 sec
* X, =0.5,0TC = 6.65wt% transferable oxygen

U.S. DEPARTMENT OF




N: NATIONAL

-Summary TL [rcioroey

LABORATORY

« CuFeAlO, OC reduction pathway uncovered through coupling
of TGA- ambient temperature XRD and In-Situ XRD

— Phase distribution link to model

« Showed that key assumptions for the Simplified Grainy Pellet
(SCM) model can be applied for the CuFeAlO, OC

« Application of a series based SCM provided an accurate means
to describe reduction behavior

 Experimentally observed phenomena support model selection

— [Initial fast reaction controlled step followed by a diffusion
controlled step

- ky >kco and Dy >De co
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_Future Work TLjssaiass

 Refinement of grain size distribution for application in model:

— XRD & Rietveld Refinement

e Application of derivations that incorporate grain shapes other
than spherical
 Application of non-isothermal models to incorporate:

— AH,,,

— EXxplore AT in particle
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TGA Comparison of Spinel Aluminates

N=
TL

110 1000
— CuAR04 — CuFe15AI0.504
— CuFeAlO4
—FeAl204
L 800
L L_‘ L 600
2 ]
£ \ \
o
L4
=
a3 S L 400
,-'
1] L 200
11
{
!
70 . . . | . . . | . . . | 0
0 200 400 600 800

Time ¢ (min)

* Fe-aluminatereduciblewith H,

« Doesnotexhibitsamerate as diffusion controlledregimein CuFeAlO,
« Slowingof oxygen transferrate is not solely dependentup reduced material presence

., U.S. DEPARTMENT OF

'ENERGY

- (9,) I simelsdwa]

NATIONAL
ENERGY
TECHNOLOGY
LABORATORY




N: NATIONAL

Thermochemical differentiation (TGA-DSC) [TLjzstioss

Using Characteristic Heat Flow measurements for Component differentiation

8
——— 10252017 Fe203 TPR H2 20p Re1.001 ——— 10252017 Fe203 TPR H2 20p Re1.001
—— 05232017 CuQ TPR H2 20p.001 ——— 05232017 CuO TPR H2 20p.001
——— 05242017 CuFe204 TPR H2 20p.001 ——— 05242017 CuFe204 TPR H2 20p.001
—— 05262017 CuAl204 TPR H2 20p Re.001 —— 05262017 CuAl204 TPR H2 20p Re.001
100 —— 10252017 FeAl204 TPR H2 20p.001 ——— 10252017 FeAl204 TPR H2 20p.0D1
——— 10262017 CuFe1_5AI0_504 TPR H2 20p.001 ——— 10262017 CuFe1_5AI0_S04 TPR H2 20p.001
——— 05242017 CuFeAl Nex TPR H2 20p.001 6 ——— 05242017 CuFeAl Nex TPR H2 20p.001
——— 10252017 CuFel_5A1_504 TPR H2 20p.001 ——— 10252017 CuFe0_5A1_504 TPR H2 20p.001
&5
3 E
=

E g

Y b=

8 -]

e

; 2

* E

N i i i . . . . . e : . : -2 T T T T " " " T " " " T " " "
200 A00 £00 a00 10 200 400 600 800 10C
Exo Up Temperature (*C) Universal V4.54 Temperature (°C) Universal \4.54 7T

« Characteristic Heat flow curves can be used to differentiate metal oxides with
closelattice structure

* Provides support of XRD findings for primary phase
 CuFeAlO,unique in comparisonto base metal oxides and bi-tri metallic variants
« Providesindication of exo/endothermicity
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