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Because of the capability to continuously monitor the inlet and outlet gas compositions 

during testing, the ability to assess some of the reactivity characteristics of the hematite 

material, or any other material, is possible. 

 

Figure 11. Snapshot of real-time exit gas composition measurements 
 

In Figure 11, a snapshot view of a three-cycle period is shown.  The oxygen curve 

increases to complete breakthrough as the oxygen carrier is oxidized (e.g. around the 710 

minute mark), which is followed by a N2 purge period, where all concentrations go to low 

values (e.g. around the 712 minute mark).  At this point, the reduction step begins.  The 

water vapor is initially increasing due to reaction of the H2 with the OC.  As the reaction 

proceeds, the water vapor decreases and the H2 increases until breakthrough is 

established when the OC becomes significantly reduced (e.g. around the 716 minute 
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mark).  By integrating these curves, the fraction of gas that was reacted with the OC 

during each step can be calculated.   

 

Figure 12. Real-time exit gas composition measurements 
 

Figure 12, displays the same data, but over a larger number of cycles.  In this 

figure, we can see that the reactivity of the material is actually continuously increasing as 

a function of time – H2 (reactant) decreasing at exit and H2O (product) increasing at exit.  

This is an important observation because there are really two pieces in determining the 

“lifetime” of the OC – attrition and reactivity maintenance.  For the case of hematite, the 

data indicates that attrition appears to be the dominant governing factor; attrition rate 

significantly increases with time, while reactivity also increases with time.  
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Particle Structure and Composition Evolution 

To characterize the hematite attrition and reactivity characteristics further, 

scanning electron microscopy with energy dispersive x-ray microanalysis (SEM/EDAX) 

was used to study the morphology of the hematite particles before and after testing. 

 

Figure 13. SEM/EDAX analysis of hematite material (raw). 
 
 Figure 13 displays the raw hematite materials before testing.  The images show 

the particles are angular and have no distinguishable porosity.  There was also some silica 

particles mixed in with the hematite 
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Figure 14. SEM analysis of hematite material after ambient temperature attrition test. 
 
 

 

Figure 15. SEM analysis of hematite material after high temperature attrition test. 
 

Figures 14 and 15 display the micrographs for the hematite particles after the 

ambient temperature and high temperature inert runs.  In these images, the angularity of 

the particles is still evident and overall, the particles look very similar to the raw material. 

This would agree with the measurement of very little attrition during these runs. 
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Figure 16. SEM of hematite after high temperature cyclic oxidation/reduction test. 
 

  Figure 16 is SEM photomicrographs of the particles after 

oxidation/reduction cycling. In this figure, the particles have gained significant porosity 

and have substantially softer edges with evidence of plasticization.  Overall, there is clear 

indication of dramatic morphological changes due to the reacting conditions.  It is likely 

that the increase in porosity reduced the strength of the particle and caused high attrition 

rates, but that the increase in porosity also made additional surface area available for 

reaction and resulted in the increasing reactivity that was observed. 
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Figure 17. Expanded view of hematite particle after reaction 
 
 Figure 17 displays a 10,000 times magnification view of the surface of the oxygen 

carrier material.  This was after high temperature, oxidation/reduction reaction testing.  

The expanded pore structure is very obvious in this figure. 

  

Figure 18. View of iron oxide agglomerate 
 
 Other images of particles in the reacted sample showed some additional features. 

Some particles looked like agglomerates comprising smaller primary particles. The 
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particles were porous but it looked as if, due to the particle softening, smaller particles 

agglomerated (Figure 18). These pictures are consistent with larger than “original” 

particles noted in Figure 10, which indicated some sort of an agglomeration phenomenon. 

In summary, attrition evaluation of the hematite oxygen carrier under reacting and 

non-reacting conditions showed that the hematite material exhibited excellent attrition 

resistance during non-reacting testing at both ambient and high temperatures, but had an 

order of magnitude higher rate during the continuously cycling oxidizing/reducing test.  

This observation alone demonstrates the necessity of incorporation of reacting conditions 

during attrition testing.  The data was further verified by examination of the particle size 

distribution that showed a significant increase in the formation of fine particles during the 

reacting test as compared to the inert tests.  The hematite reactivity was characterized and 

showed an increasing trend over time.  Further, SEM/EDAX analysis showed that 

dramatic physical transformations occurred to the hematite particles during the reacting 

test.  It is assumed the increasing porosity likely led to a weakening of the particle and 

subsequently higher attrition rates.  However, added surface area was the likely cause of 

the increasing reactivity.  Particle softening was also evident, which explains the particle 

agglomerates that were present after testing.  Overall, the lifetime of this hematite OC in 

a CLC process is likely to be governed by its attrition rate. 
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CHAPTER IV 

CONCLUSION 

With regard to oxygen carrier (OC) testing the attrition evaluation test equipment 

has proven to be a powerful tool to assist in determining the life expectancy of the OC 

during different operating conditions.  From the tests conducted during this project and 

the results obtained, our test equipment and methodology has proven to be robust and 

reliable to provide valuable information to technology development community and is a 

stepping stone for evaluation of additional materials and process conditions. 

We measured attrition rate for each of the three modes of operation for hematite 

as an oxygen carrier. For both of the non-reacting modes (ambient and high-temperature 

operation) the attrition rates start out high initially (~1 %/hour), and then drop to 

relatively constant low levels (~0.1 %/hour) over a longer duration. Interestingly, the 

attrition rate observed for the high temperature inert case was lower than that of the 

ambient inert case, presumably due to an increase in strength from particle sintering.  

Based only on the inert tests, one may make the conclusion that hematite has 

excellent attrition resistance and might be a good candidate for chemical looping 

combustion. However, when looking at the high temperature reacting case with cycling 

between oxidizing and reducing conditions, there was a stark contrast in the attrition 

behavior of the material. Immediately upon introducing oxidation/reduction cycling, the 

attrition rate began to increase rapidly, and at the end of the test, the attrition rate with 

reaction cycling was about one order of magnitude higher than the inert tests. In addition, 
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the rate was trending upwards quickly for the reacting case (greater than 1%/hour), while 

it was slightly decreasing for the inert cases. This is a profound observation, showing that 

chemical reactions that occur during CLC operation can dramatically impact the overall 

attrition rate of OCs. 

The attrition rate test equipment developed in this project has proven to be a 

valuable piece of equipment which could be implemented into a separate testing facility 

for a small business, which was one of the goals of this project. 

 



 
  

40

CHAPTER V 

FUTURE WORK 

Oxygen Carrier Characterization Planned Work 

 In moving forward, several additional oxygen carriers will be tested.  Selected 

materials will undergo several additional tests under many different reducing conditions 

such as different types of reducing gases. Other modes of attrition will be evaluated. For 

example, in a chemical looping combustion process, impaction of particles in a cyclone 

and duct bends can lead to attrition. This mode has different characteristics than jet-based 

attrition. The equipment can be modified to include impaction-based (cyclone) attrition. 

Additional changes may include incorporation of extra safety features to allow extended 

testing without supervision by an operator. 

Limestone Planned Work 

 The attrition test methodology developed in this work has the potential for other 

applications beyond chemical looping. For example, this methodology is currently being 

used for limestone characterization, particularly their suitability for sulfur capture in 

circulating fluidized bed combustors. The methodology can provide information on the 

propensity of the limestone material to be retained in the fluid bed and provide sulfur 

capture, as well as what fraction of the limestone-derived particles would be entrained 

and leave the main reactor system, which would have deleterious effect in downstream 

heat exchangers and potentially pose challenges in particulate capture equipment. 
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Other Uses for the Test Equipment 

There are several other ongoing projects for which the attrition behavior of 

materials is important. For example, this test equipment has potential application for 

evaluating the attrition resistance for CO2-capture sorbents in post-combustion capture 

processes. We are conducting tests with our equipment for these other projects as well to 

establish attrition rates for candidate materials. 
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APPENDIX 

Error Analysis 

 The errors in the recorded data within this report includes a time error, and a 

weight error.  The time error would be the response time of the operator.  When the filter 

change time is recorded it is within 1 second of the full minute.  Therefore the largest 

error associated with time is 1 second and the largest error amount for the runs are as 

follows:  

Cold Ambient Runs------------- 0.000037g/s * 1s = (+/-) 0.000037 grams 
Hot Inert Runs------------------- 0.000035g/s * 1s = (+/-) 0.000035 grams 
Oxidation / Reduction Runs--- 0.000062g/s * 1s = (+/-) 0.000062 grams 

 
The standard deviation and confidence intervals are calculated for two runs of 

each condition: cold ambient conditions, hot inert conditions, and oxidation and reduction 

conditions.  The confidence interval was calculated at 95% and this calculation was 

conducted within the Microsoft Excel program.  The largest standard deviation for the 

runs are: 

Cold Ambient Runs------------- 0.0007 
Hot Inert Runs------------------- 0.0008 
Oxidation / Reduction Runs--- 0.0095 

 
The largest confidence interval for the runs are: 

Cold Ambient Runs------------- 0.0009 
Hot Inert Runs------------------- 0.0011 
Oxidation / Reduction Runs--- 0.0132 
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Therefore, it is with good confidence that I can say the error within the recorded 

data is very small and does not have much of an influence on the results reported within 

this report.  This is further affirmed by the following data. The most probable error (ݕ) 

equation is: 

ሺܹሻሶݕ ൌ 100 ∗ 	ඨ൬
ݓ∆
ݓ
൰
ଶ

 ൬
ݐ∆
ݐ
൰
ଶ

 

 
The maximum error	ሺݕ୫ୟ୶	) equation is: 

௫ሺܹሻሶݕ ൌ 100 ∗ ൬
ݓ∆
ݓ

	
ݐ∆
ݐ
൰ 

Where: 
ሺܹሻሶݕ ௫ሺܹሻሶݕ	&	 	 is the error rates of time and weight combined 
∆w is the error rate for the balance (0.0002 grams) 
w is the weight of the filter post run 
∆t is the error rate of time (1 second) 
t is the time interval of the filter change 

 
Cold Ambient Runs 

∆t (s) ݕሺܹሻሶ ௫ሺܹሻሶݕ (%)   (%) 
900 0.5434 0.6430 
1800 0.6314 0.6845 
3600 0.4091 0.4359 

 
Hot Inert Runs 

∆t (s) ݕሺܹሻሶ ௫ሺܹሻሶݕ (%)   (%) 
900 0.4271 0.5235 
1800 0.6255 0.6786 
3600 0.6607 0.6878 

 
Oxidation / Reduction runs 

∆t (s) ݕሺܹሻሶ ௫ሺܹሻሶݕ (%)   (%) 
900 0.3640 0.4577 
1800 0.2985 0.3488 
4800 0.0401 0.0551 

 

The largest error amount is (+/-) 0.7 % over all of the runs.  Therefore the error 

included within this report is very small and has no significant influence on the data. 



 
  

44

REFERENCES 

1 Tans P. Trends in carbon dioxide. NOAA/ESRL. Available in: 
http://www.esrl.noaa.gov/gmd/ccgg/trends/. 

 
2 IPCC special report on carbon dioxide capture and storage. Cambridge, UK: Cambridge 
University Press; 2005. 

 
3 International Energy Agency (IEA). Energy technology perspectives: scenarios and 
strategies to 2050. París, France: OECD/IEA; 2006. 

 
4 Adanez J., Abad, A., Garcia-Labiano, F., Gayan, P., de Diego, L.F. Progress in Chemical 
Looping Combustion and Reforming Technologies. Progress in Energy and Combustion 
Science. 38 (2012) 215-282. 

 
5 Müller CR, Brown TA, Bohn CD, Chuang SY, Cleeton JPE, Scott SA, et al. Experimental 
investigation of two modified chemical looping combustion cycles using syngas from 
cylinders and the gasification of solid fuels. Proc. 20th Int. Conf. on Fluidized Bed 
Combustion. Xian, China; 2009: 590-5. 

 
6 Chuang SY, Dennis JS, Hayhurst AN, Scott SA. Development and performance of Cu-
based oxygen carriers for chemical-looping combustion. Combust. Flame 2008;154:109-21. 

 
7 Forero CR, Gayán P, García-Labiano F, de Diego LF, Abad A, Adánez J. CuO High 

temperature behaviour of a CuO/Al2O3 oxygen carrier for chemical looping combustion. 
Int. J. Greenhouse Gas Control 2011;5:659-67. 

 
8 Adánez J, García-Labiano F, de Diego LF, Gayán P, Celaya J, Abad A. Nickel copper 
oxygen carriers to reach zero CO and H2 emissions in chemical looping combustion. Ind. 
Eng. Chem. Res. 2006;45:2617-25. 
 
9 U.S. Department of Energy, NETL. DOE/NETL Advanced Combustion Systems: Chemical 
Looping Summary. July 2013. 



 
  

45

 
10 Bayham, S. C.; Kim, H. R.; Wang, D.; Tong, A.; Zeng, L.; McGiveron, O.; Kathe, M. V.; 
Chung, E.; Wang, W.; Wang, A.; Majumder, A.; Fan. L.-S., “Iron-Based Coal Direct 
Chemical Looping Combustion Process: 200-h Continuous Operation of a 25-kWth Subpilot 
Unit,” Energy Fuels 27 (2013) 1347-1356. 
 
11 Leion H, Mattisson T, Lyngfelt A. The use of petroleum coke as fuel in chemical-looping 
combustion. Fuel 2007;86:1947-58. 
 
12 Shen L, Wu J, Xiao J, Song Q, Xiao R. Chemical-looping combustion of biomass in a 10 
kW reactor with iron oxide as an oxygen carrier. Energy Fuels 2009;23: 2498-505. 
 
13 Berguerand N, Lyngfelt A. Design and operation of a 10 kWth chemical looping 
combustor for solid fuels - Testing with South African coal. Fuel 2008;87:2713-26. 
 
14 Berguerand N, Lyngfelt A. The use of petroleum coke as fuel in a 10 kW chemical-
looping combustor. Int. J. Greenhouse Gas Control 2008;2:169-79. 
 
15 Andrus HE, Chiu JH, Thiebeault PR, Brautsch A. Alstom’s calcium oxide chemical 
looping combustion coal power technology development. In: Proc. 34th Int. Tech. Conf. on 
Clean Coal & Fuel Systems. Clearwater, Florida, USA; 2009. 
 
16 Shen L, Zheng M, Xiao J, Xiao R. A mechanistic investigation of a calcium based oxygen 
carrier for chemical looping combustion. Combust. Flame 2008;154:489-506. 
 
17 Mattisson T, Johansson M, Lyngfelt A. CO2 capture from coal combustion using 
chemical-looping combustion- Reactivity investigation of Fe, Ni and Mn based oxygen 
carriers using syngas. In: Proc. of the Clearwater Clean Coal Conf. Clearwater, Florida, USA; 
2006. 
 
18 Johansson M, Mattisson T, Lyngfelt A. Comparison of oxygen carriers for chemical-
looping combustion of methane-rich fuels. In: Proc. 19th Int. Conf. on FBC. Vienna, Austria; 
2006. 
 
19 Abad A, Mattisson T, Lyngfelt A, Rydén M. Chemical-looping combustion in a 300 W 
continuously operating reactor system using a manganese-based oxygen carrier. Fuel 
2006;85:1174-85. 
 
20 ASTM D5757: Standard test method for determination of attrition and abrasion of 
powdered catalysts by air jets. West Conshohocken, PA: ASTM International; 1995/2006. 
 



 
  

46

21 Lyngfelt A, Thunman H. Construction and 100 h of operational experience of a 10-kW 
chemical-looping combustor. In: Thomas DC, Benson SM, editors. Carbon dioxide capture 
for storage in deep geologic formation results from the CO2 capture project, vol. 1. Oxford, 
UK: Elsevier; 2005 [chapter 36]. 
 
22.  Materic V., Holt R., Edwards S. An Internal Circulating Fluid Bed for Attrition Testing 
of Ca Looping Sorbents. 5th High Temperature Solid Looping Network. 2013. 
 
23 Bemrose, C. R., & Bridgwater, J. (1987). A review of attrition and attrition test methods. 
Powder Technology, 49(2), 97–126. 
 


