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ABSTRACT

Unburned carbon in fly ash can significantly affect its beneficial applications in concrete
mixtures. The water requirement and rheological properties of concrete are influenced
as high carbon content ashes generally require greater water/binder ratio to show good
workability. The dosage of air entraining agents (AEA) in concretes containing fly ash is
also affected by carbon content. Loss on ignition (LOI) test is a generally accepted
method for estimating the unburned carbon content of fly ash. However, it has been
observed that LOI results may overestimate the amount of organic carbon as the
ignition mass loss is not only due to burning of organic carbon, but also due to other
possible reactions such as calcination of inorganic carbonates, desorption of physically
and chemically bound water (e.g., dehydration of portlandite), and oxidation of sulfur
and iron minerals. In this study, a modified thermogravimetric analysis (TGA) is
performed under two distinct atmospheres; helium, a non-oxidizing atmosphere to
measure ignition loss due to carbonates and bound water, and air as an oxidizing
atmosphere to measure the true organic carbon content. This method is applied to a
class F fly ash with low LOI. X-ray diffraction (XRD) and bulk chemical analysis were
also used to better assess changes in composition and mineralogy of ashes during the
ignition process. The two step TGA method could successfully separate carbon
oxidation from other possible reactions recognized using mass spectrometry and
thermal analyses techniques.

INTRODUCTION

Combustion of coal to generate electricity produces approximately 130 million tons of
coal combustion products (CCPs) each year in the United States.! These residuals
include fly ash, bottom ash, boiler slag, and flue gas desulfurization (FGD) material.
Power plant facilities dispose this large volume of CCPs by placing them in landfills and
surface impoundments or alternatively, find beneficial uses and markets for these
materials. CCPs can be beneficially used as supplementary cementing materials in
concrete products, structural fills, soil stabilization, agricultural applications, waste



stabilization, and mining applications. According to American coal ash association
survey report 2012,2 among different coal combustion products, fly ash has the highest
proportion, and many current studies are working on how to use fly ash as a substitute
for conventional cementitious binders in concrete.

The presence of unburned (organic) carbon in fly ashes has several important effects
on their concrete applications. The color of concrete and mortar including fly ashes may
change to black or dark gray.? The water requirement of fly ash-cement pastes and the
rheological properties of concretes are also affected because the water to cement + fly
ash ratio to gain a paste with normal consistency is greater for fly ashes with high
carbon content.* Moreover, using fly ash in concrete has been found to affect the
required dosage of air entraining admixtures (AEAS) to entrain the proper amount of air
in the concrete mixture.? Instead of stabilizing the air—water/cement interface, the AEAs
are strongly adsorbed by some fractions of the fly ash, resulting in a reduced amount of
AEAs stabilizing the entrained air.> The unburned carbon appears to be responsible for
the adsorption of AEAs.® A large portion of the carbon surface is non-polar compared
with the polar surface of the inorganic particles. This provides active adsorption sites for
the hydrophobic part of the surfactants, thus the carbon competes with the air/water
interface. ’

Loss on ignition (LOI) has long served as a conventionally used method to measure
unburned carbon in fly ash. Many standard specifications limit LOI values assuming this
parameter provides a good estimation of combustible carbon content. ASTM C618
specifies maximum LOI of 6 wt% for class C and F coal ash while being used in
concrete.® However, recent studies have shown that this method overestimates
unburned carbon due to some other reactions besides organic carbon burning.® These
reactions can include dehydration of lime and release of structural water from residual
clays, decomposition of carbonates, and oxidation of sulfides and iron minerals upon
heating. Consequently, LOI is replaced with more accurate methods such as
thermogravimetric analysis, which can provide details on weight changes with
temperature and time.

Thermogravimetric analysis (TGA) can be carried out in different atmospheres. Coupled
to mass spectrometry (MS), thermal analysis provides information on the gases
released from the powder at different temperatures. However, using only oxidizing
atmosphere (e.g. air) resulted in overlapping emissions in the same temperatures, from
which it was difficult to separately measure the weight losses due to carbon oxidation. In
this study, a two-atmosphere thermogravimetric analysis coupled to mass spectrometry
is suggested for measuring organic carbon in a class F fly ash, and the results have
been interpreted using bulk chemical analysis of fly ash, and X-ray diffraction method.

MATERIALS AND METHODS

The as-received fly ash used in this study is originated from First Energy corporation
power plant located in Pennsylvania, USA. It is a class F pulverized coal ash according
to ASTM C618 classification. The ash was characterized by moisture content'?, particle
size distribution (laser diffraction), density (He pycnometer), surface area (ASAP 2020



Automated Surface Area and Porosimetry System, using N2 gas) and bulk chemical
analysis. The samples for these analyses were picked using cone and quarter method
to gain a representative of the bulk.

X-ray Diffraction analysis of the crystallographic phases was performed on PANalytical
Empryean 6-8 powder diffractometer with para-focusing optics using CuKa radiation.
The detector was employed over the angular range of 7-70 (20) with a step size of
0.0263 (26) and a counting time of 197 s step™'. Data evaluation was performed using
the powder XRD analysis software MDI-Jade 2010. Before running XRD analysis, fly
ash sample was crushed using high energy ball mill in order to decrease the particle
size to <10um.

LOI Methodology ASTM D7348 procedure was used to run the LOI test in this
research.'The method was performed with 1.0+0.5 g of fly ash as measured with an
analytical balance. In the first step, the sample was placed in a clean crucible and
heated at 110 C in an oven for 1 hour. Then, the sample was removed from the oven,
and placed in a desiccator to cool for 60 min before being reweighted. The weight loss
in this step was recorded as moisture content of fly ash. In the second step, dried fly
ash was placed in a furnace with an air atmosphere and heated in a stepped schedule
for 2 hr to reach 950 C. The fired sample was cooled down to room temperature in a
desiccator, and then weighted. The weight loss associated with firing the sample is
known as the loss on ignition (LOI).

Bulk Chemical Analysis was performed on digested fly ash sample using lithium
metaborate fusion technique. By this method, solid samples were digested to liquid, and
then the elemental composition of solution was analyzed by Perkin-Elmer Optima
5300DV ICP-AES.

TGA-MS: a modified thermogravimetric analysis coupled to mass spectrometry system
was used to determine the combustible carbon content in class F fly ash. A 305 mg of
fly ash was burned in two distinct atmospheres. Initially fly ash was burned in an inert
atmosphere, which was Helium in this experiment. The sample was heated from room
temperature to 100 'C at a flow rate of 75mL/min and heating rate of 10 ‘C/min. Then, it
was hold at 100 'C for 15 min while He gas was being purged to the system. The
temperature increased from 100 C to 950 'C at a heating rate of 20 ‘C/min and at flow
rate of 75mL/min. Finally, the sample was cooled down to 200 C with a rate of 20 ‘C/min.
in the next step, the gas was switched to air in order to provide an oxidizing
atmosphere. The sample was hold in an isothermal condition for 5 minutes in the air
with a flow of 75mL/min followed by heating from 100 C to 1000 C with a heating rate of
20mL/min. It was assumed that the dehydration of lime and clay minerals and
decomposition of carbonates occur in the non-oxidizing atmosphere, while unburned
carbon oxidizes in air. Considering oxidizing and non-oxidizing atmospheres helped
differentiating weight losses due to water release, compound decomposition, and
organic carbon oxidation. Mass spectrometry is coupled to thermal analysis as a tool to
recognize the species that evolve as a result of a temperature increase. The released
gases were conducted to a mass spectrometer, and their identity can be identified



according to their molecular weights. A TGA Q50 with a Pfeiffer Vacuum Mass
Spectrometer was used in this study.

SDT simultaneous measurement of heat flow by differential scanning calorimeter (DSC)
and weight change using TGA was done on the same fly ash sample. The
thermogravimetric analysis was similarly run in both helium and air. The pattern of
heating and cooling was the same as discussed above. The differential scanning
calorimetry provided the heat flow information while fly ash burned in both atmospheres.
From heat flow data, endothermic and exothermic reactions could be recognized. In this
experiment, as it was initially set by the TGA-DSC software, any hump to the up in the
heat flow curve indicated exothermic reaction, while any significant valley to the
downside showed an endothermic reaction. Coupled with TGA, it could define the
temperatures at which heat evolution or absorption occurred.

RESULTS AND DISCUSSION
Characterization of the class F fly ash

The physical properties and bulk chemical analysis results for First Energy ash are
summarized in Table 1. Using laser diffraction to measure size distribution of ash
particles (Figure 1) revealed that 90% of particles are <32mm and 50% are smaller than
8mm. The as-received class F fly ash did not contain considerable moisture. The LOI%
which is traditionally considered as the combustible carbon was obtained as 1.57%.
However, this weight loss was not only related to carbon combustion, and TGA-MS
analysis was used to differentiate the weight loss related to combustible carbon burning.

Table1- Physical properties and bulk chemical analysis of First Energy ash
Physical characterization

Moisture % 0.26

Density (g/cm?) 2.53

surface area (m?/g) 1.58

LOI% 1.57

Bulk chemical analysis

Oxides Wit%  Oxides Wit%
Al2O3 221 P20s 0.26
CaO 2.27 SiO2 47
Fe20sT 20 TiO2 1.03
K20 2.03 Na20 0.49
MgO 0.80

The XRD analysis of the ash revealed that hematite, mullite, quartz, gypsum, and
magnesioferrite were the major minerals in First Energy ash. This result is in good
compliance with the bulk chemical analysis of ash as the iron, silicon, and aluminum
oxides weight percentages were predominant.
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Figure 1- particle size distribution of class F fly ash

TGA-MS analysis

The two atmosphere TGA analysis was firstly run in the temperature range of 25 C-

950 C in He gas, and 200 TC-1000 C in air. The weight loss vs. time/temperature is
shown in Figure 2. Derivative of weight % with respect to time contains the peaks which
can show the temperatures at which different reactions and consequent weight
loss/gain occurred. Weight changes related to each peak has been also depicted in
Figure 2. Using the derivative curve, peaks were identified at temperatures of 59.27 C,
153.37C, 570.6 C, 735.51 C, and 913.62 C in non-oxidizing atmosphere, and 701.98 C
in air as oxidizing atmosphere. It was observed that the weight loss due to the carbon
oxidation in air was 0.314% while the LOI was previously determined as 1.57%. This
difference reveals that other reactions except combustible carbon burning occurs during
LOI test.
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Figure 2- Weight loss vs. time/temperature and weight derivative wrt time

To find the gases released at each temperature range, mass spectrometry was coupled
to thermogravimetric analysis. The mass spectrometry system was set in a way that it
provided all of the molecular weights recognized during the combustion. For each
detected molecular weight, a mass spectrum illustrates the ion current vs. time as
shown in Figure 3. In this series of spectrums, the intensity of ion current is directly
related to the emitted gas concentration. Therefore, a significant hump in the mass
spectrum at any temperature was interpreted as a sign of a released gas. However, flat
spectrums with high intensity were representing the background gases such as helium.
Combining the weight derivative peaks with mass spectra was used to recognize
emissions. In order to find out which gases were vented out of fly ash at each
temperature, the overlapping derivative peaks and spectrum humps were drawn for
each molecular weight similar to Figure 4.
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Figure 3- Mass spectrometry result for class F fly ash

Considering weight derivative and mass spectrometry data simultaneously, six peaks
were identified as shown in Figure 4. For each peak (and its related temperature range),
a list of molecular weights is introduced in Table 2. These molecular weights are
attributed to the gases which were released from fly ash during combustion. The
National Institute of Standards and Technology (NIST) chemistry webbook was used to
detect the gases.'? For each molecular weight, a series of compounds was suggested
by NIST. Considering the bulk chemistry of fly ash, and minerals found by XRD
analysis, possible reactions and releases gases were recognized. Accordingly, at
temperatures around 60 C and 150 C, water was released from fly ash. This water can
be the physically-bond water in fly ash (i.e., moisture content), or the chemical water in
some minerals such as clays and gypsum.
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Figure 4- Overlapping weight-derivative curve and mass spectrum for molecular
weight of 44

The next peak is in the temperature range of 450 ‘C-663 ‘C. Two molecular weights were
reported for this range. In Table 2, molecular weights are presented in the order of
intensity. It means that the higher peaks (i.e., peaks with higher ion current) have higher
concentrations. The released compound with molecular weight of 48 was probably a
sulfur oxide (SOx). However, a proper gas for MW=22 related to fly ash composition was
not found. This molecular weight is observed in the mass spectrometry results of many
carbon-containing materials. Therefore, it can be assumed it's a carbon containing gas.
In the next peak, peak #4, no significant hump in mass spectra was observed as this
peak is smaller in comparison with other peaks. The next weight loss occurred around
915 C before system cooling down to be ready for the oxidizing atmosphere firing. At
this temperature, carbon dioxide and water vapor were released as the predominant
gases, and some other molecular weights (e.g., 22, 45, and 46) were also detected by
mass spectrometry system which could not be determined considering fly ash
chemistry. The molecular weight of 32 may be related to small leakage from system. To
The water can be a part of strongly absorbed chemical water which vaporized in the
high temperatures. But, determining the reaction which emitted carbon dioxide is more
complicated.



Table 2- Mass spectrometry results combined with weight derivative peaks

Atmosphere He Air
Peak P1 P2 P3 P4 P5 P6
W% Loss 0.2821 0.1867 0.5575 0.175 0.7203 0.314
Peak 59.27 153.3 570.6 735.51 913.62 701.98
Height(T)
Peak 26-105 99-381 451-663 692-779 779 -930 & 563-833
width(T) 930 -710
18 18 48 - 44 44
22 18 18
Molecular 32 22
mass 22 45
45 46
46

As Table 2 indicates, peak #6 occurred in oxidizing atmosphere at temperature around
700 C. The predominant molecular weight detected was 44 which is due to oxidation of
organic carbon and CO2(g) emission. Some chemically-absorbed water was also
released at this temperature range. This oxidation reaction is the one which can
determine the organic carbon content of fly ash. Although other molecular weights are
also related to this weight loss (i.e., 22, 18, 45, and 46), the mass spectrum intensity
was significantly higher for MW=44. Therefore, the main reason for the weight loss in air
is burning of organic carbon.

The carbon dioxide gas released at 915 T in the inert atmosphere can be emitted from
two different reactions. One reaction could be decomposition of calcite and/or
magnesioferrite which is feasible at elevated temperatures. Paya et al. (1998) also
suggested that CO2 and/or CO could be released at temperatures around 750 C and
higher due to the reduction of iron oxides by unburned carbon in fly ash. Such a
reaction can occur in non-oxidizing atmosphere, and can decrease the amount of
combustible carbon which is burned in oxidizing atmosphere. Considering the high
percentage of iron oxides in fly ash, this reaction is probable to occur. The probability
was assessed by changing the temperature range to 25°C-750 C in non-oxidizing
atmosphere, and tracking both the weight loss in oxidizing atmosphere and thermal
changes by simultaneous DSC (differential scanning calorimetry) and TGA.
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Figure 5- Comparison of weight loss for two different temperature ranges in the inert atmosphere

The comparison between weight loss in two temperature range (i.e., 750C and 950C in
He atmosphere) in Figure 5 shows that higher carbon oxidation was occurred when the
maximum temperature in the non-oxidizing atmosphere decreased to 750C. It means
that while heating to 950C in helium environment, a portion of combustible carbon has
been burned. Comparing the mass spectrometry results also showed that by decreasing
the temperature in first environment, peak #5 was omitted from weight derivative curve,
while molecular weights of 44, 17, 18, 22, and 12 were detected near T=700C for 750 C
condition. Therefore, carbon dioxide and water were emitted in the reduced temperature
as well. In order to find out what type of reactions could occur in the non-oxidizing
section of TGA, SDT analysis, which is simultaneous TGA and DSC, was performed on
fly ash sample in both conditions (i.e., 750 'C and 950 C). For both temperature ranges,
SDT curves (as shown in Figure 6) illustrated an endothermic reaction in the He
atmosphere. It was assumed that valley is an indication of endothermic reactions and
peaks depict the exothermic reactions. In the condition at which the highest temperature
is 750C, the endothermic reaction occurs around 700 C, and when maximum

temperature is 950 C in the inert environment, the heat absorption occurs around
900C.
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Figure 6- SDT curve for 950C as highest temperature in the inert atmosphere

Both calcite decomposition and iron oxide reactions were endothermic according to the
following thermodynamic calculations. In these calculations, the enthalpy of formation
for reactants and products were obtained from standard tables, and enthalpy of
reactions was calculated accordingly. Negative enthalpy of reaction shows exothermic
process while endothermic reactions have positive enthalpy.

Calcite decomposition: CaCOs (s) > CaO + COz2 (g)
AH’ (Kj/mol) -1206.9 -635.1  -393.5
AHr=-393.5 + (-635.1) — (-1206.9)= 178.3 > 0
Hematite reduction: 2Fe203 + 3C - 4Fe +3CO2
AH” (Kj/mol) -8243 0 0 -3935

AH: = 3(-393.5) +0 — (-824.3 +0) = 172> 0



It should be noted that reactions for reduction of other iron oxides by carbon (i.e., FeO,
Fe203) are also endothermic using the enthalpy of formation. However, since both
suggested reactions are endothermic while SDT results also showed heat absorption
(endothermic reaction), it could not help with finding the proper reaction for released
COs2. Nevertheless, as reducing the temperature resulted in increased carbon oxidation
in air, it can be concluded that carbon dioxide emitted in non-oxidizing atmosphere is
mostly organic carbon consumed in reduction of iron oxides instead of inorganic carbon
content of carbonates. Higher concentration of iron oxides in comparison with calcium
oxides can also confirm this conclusion.

CONCLUSIONS

Loss on ignition is a conventional method to measure unburned carbon in fly ash.
However, using a thermogravimetric analysis in two successive atmospheres, non-
oxidizing followed by air, revealed that burning fly ash in high temperatures does not
only result in combustible carbon oxidation, but other dehydration and decomposition
reactions also occur. Using two atmosphere thermal analysis can effectively separate
these reactions from carbon oxidation. An important weight loss also occurred in 750 C-
1000 C range in inert atmosphere which has been attributed to an oxidation-reduction
process between carbon and iron oxide in fly ash using TGA and SDT analyses.
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