
Schedule
• Mineral matter occurrence in coal (today)
• Ash transformation and deposition (Fri, June 5)
• Nitrogen/NOx (Mon, Jun 8)
• Industrial Scale (Wed, Jun 10)
• Student presentations (Fri, Jun 12)
• Final exam review – Andrew (Mon, Jun 15)
• Final oral exam on Wednesday, June 17



Mineral Matter Occurrence in Coal
1. Mineral matter 

greatly affects boiler 
design

2. Analytical Methods
A. Chemical 

Fractionation
B. SEM and related 

techniques
• Principles of operation
• Potential problems
• Examples

3.General Occurrence
A. Discrete minerals

• Types
• Examples

B. Organically-
Associated Cations

• Types
C. Cations dissolved in 

pore water
D. Organic Sulfur
E. Other



Why Study the Inorganic Contents of Coal

• A major component of coal
– 6-23 wt%

• Behavior drives furnace design
– “Of all the coal properties, coal mineral matter 

generally has the greatest effect on boiler 
design and operation”

• Deposition affects plant operation
– Heat transfer reduced
– Erosion and corrosion of equipment
– Removal and disposal of residue





Occurrence of Inorganics
• Discrete Minerals
• Organically-associated cations
• Cations dissolved in pore water
• Sulfur

– Inorganic
– Organic

• Other



Analysis Techniques



Chemical Analysis Methods
• High temperature ashing
• Low temperature ashing
• Chemical fractionation
• Scanning electron microscopy/

microprobe analysis
• ICP (inductively coupled plasma)



ASTM Ashing
High Temperature

• Oxidation at 750°C
• Alters some 

inorganics
• Empirical correlations
• Average composition

– AA (ICP)
– X-Ray (XRF)

Low Temperature
• Oxidation in O2

plasma
• Good for low rank 

coals
• Too slow for high rank 

coals
• Average composition



Scanning Electron Microscopy
• CCSEM – Identify and size discrete 

minerals
• EDAX – elemental analysis used to infer 

mineral species
• Can give included/excluded and 

association data
• Large number of analysis points required 

for statistically valid results



SEM

From Postek, M. T., K. S. Howard, A. H. Johnson, and K. L. Michael, Scanning Electron Microscopy:
A Student’s Handbook



ICP
• Fully ash the sample (no carbon)
• Dissolve sample in acid with lithium borate 

flux (Li2B4O7)
– Need sample to be totally dissolved

• Inject liquid spray through plasma 
(10,000 K)
– Ash reverts to elements

• During rapid cool down, look at atomic 
adsorption spectra



ICP schematic

http://elchem.kaist.ac.kr/vt/chem-ed/spec/atomic/emission/icp.htm

http://www.jcesr.org/edl/analytical-electrochemistry-lab/inductively-coupled-plasma-mass-spectrometry-icp-ms/

https://en.wikipedia.org/wiki/Inductively_coupled_plasma



Question 1
• Please describe the CCSEM technique for 

mineral characterization. 



CCSEM



Question 2. Coal Ash Analysis

ASTM Bulk Analysis CCSEM Analysis



from Hurley’s dissertation



Question 3
• What is the chemical fractionation 

technique for analyzing mineral matter, 
and why is it useful to industry? Please 
explain Table 4.1. 



Chemical Fractionation
• Determines quantity of organically-bound 

inorganics
• Successive washing technique

– Water – water solubles (e.g., salts)
– Ammonium acetate – ion exchangeable
– HCl – coordination complexes and acid 

solubles (e.g. carbonates)



Organically-Associated Cations
• Occur in low-rank (Western) coals
• Salts of carboxylic acids

• Na, Mg, Ca, K, Sr, Ba (Fe, Al)
• Up to 60% of total inorganics in some low rank 

coals
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Question 4
• Explain what is meant by excluded versus 

included mineral grains, and why this may 
be important. 



Discrete Minerals
• Small rocks in coal
• Included or excluded
• Major inorganic constituent
• Associations may play role in ash 

composition



CCSEM Image of a Kentucky#9 hv Bituminous Coal

Wax binder
Coal
Minerals



Types of Minerals
Coal Particle

Included Minerals

Excluded Minerals
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Question 5
• Calcium is one of the species that may cause low temperature fouling when there is sulfur present 

(CaSO4 is formed). Based on bulk Ca analysis only (see p. 173 of Lee Smith book), which coals 
have the highest low temperature fouling potential? 

• In practice, only the low rank coals tend to exhibit the low temperature fouling. Why is there a 
discrepancy here?
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Question 6
• Please explain the differences between 

the top and bottom figures in Figure 4.3. 



Fig 4.3 (top)











Question 7
• The Delta power plant is going to sell all of their ash to UTA to serve 

as road filler for I-15. The roads are to be 50 feet wide and have an 
effective depth of 1.5 feet. The ash comprises 10% of the road 
fill. What length of road can be made using one year's accumulation 
of ash from this power plant? Assume 1000 MWe, 34% efficiency, 
10% ash (dry basis), Utah bituminous coal. 



Question 8
• Please find the range of melting points for the 

following compounds, and comment on how Na 
and Ca modify glass behavior in coal ash (look 
in CRC):
– Sodium silicate (Na2Si2O5)
– Sodium sulfate (Na2SO4)
– Silica (SiO2)
– Alumina (Al2O3)
– Aluminum silicates
– Calcium sulfate
– Calcium aluminosilicates
– Sodium aluminosilicates
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Mineral Content of Biomass

Question 9

Biomass fuels that contain significant amounts of potassium or chlorine 
cause significant corrosion problems. Based on potassium and chlorine 
contents, estimate which biomass fuels will cause corrosion problems. (Hint: 
try the Jenkins biomass paper) 



From Jenkins et al paper



From Jenkins et al paper



From Jenkins et al paper



Cl in Biomass fuels

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

Rice
 st

raw

Alfa
lfa

 st
em

s

Yard
 w

as
te

Whea
t s

tra
w

Switc
hg

ras
s

Fir m
ill

Rice
 hu

lls

Demolitio
n W

ood

Plive
 pi

ts

Sug
ar 

ca
ne

 bag
as

se

Alm
ond

 hu
lls

Willo
w w

oo
d

Hyb
rid

 po
pla

r

Alm
ond

 sh
ell

s

Pist
ac

hio 
sh

ell
s

Mixe
d pap

er
RDF

%
 C

l (
dr

y)

K2O in Biomass fuels
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K + Na

Alkali index > 0.17  Fouling likely

Alkali index > 0.34  Fouling certain

From Jenkins et al paper

Q is the heating value on a 
dry basis (GJ/kg)



What Did We Learn Today?
• Ash management is probably the most important 

design and operation criterion
• Mineral matter in coal is not one bulk 

composition
• Included vs excluded vs organically associated
• Lots of different minerals, wide range of melting 

points
• Ca, K and Na contents greatly affect fouling
• Ca, K, Na may be bound in glass-like minerals 

and therefore be almost inert
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