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ABSTRACT 

Fly ash can undergo aging in the atmosphere through interactions with sulfuric acid and water. 

These reactions could result in chemical and physical changes that could affect the cloud 

condensation or ice nucleation activity of fly ash particles. To explore this process, different 

water and acid treated fly ash types were characterized with x-ray diffraction (XRD), 

transmission electron microscopy (TEM), electron dispersive spectroscopy (EDS), selected area 

diffraction (SAED), and inductively coupled plasma atomic emission spectroscopy (ICP-AES). 

Then, their immersion freezing activity was assessed. With water and acid treatment, a wide 

variety of metals were leached, depending on the starting composition of the fly ash. Acid 

treatment resulted in the formation of gypsum, Ca(SO4)•2H2O, for fly ash containing Ca as well 

as morphological changes.  The immersion freezing activity was also assessed for each fly ash 

system to compare the effects of water and acid processing. Our results support the assertion that 

fly ash can serve as a cloud condensation or ice nucleus to affect climate. 

ENVIRONMENTAL SIGNIFICANCE 

Heterogeneous nucleation is an important process in the atmosphere for the formation of ice-

containing clouds because it allows ice to form at temperatures warmer than -38 ºC.  Fly ash and 

sulfuric acid are emitted into the atmosphere as byproducts of coal combustion.  Fly ash may be 

an important species for heterogeneous ice nucleation, and its interaction with sulfuric acid may 

alter its ice nucleation efficiency.  Its ice nucleation activity, however, may be complex because 

fly ash has a heterogeneous composition where some types of fly ash are enriched in calcium 

and/or iron, which could also impact its ability to nucleate ice.  The data presented give insight 
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into the changes that occur to composition and morphology when fly ash is exposed to water and 

acid, and the impact of this processing on its activity towards ice nucleation. 

 

INTRODUCTION 

Aerosol particles can serve as seeds for cloud condensation and ice formation. The magnitude 

of the impact of aerosol – cloud interactions on climate is highly uncertain.
1
  One common cloud 

type are mixed-phase clouds, which are composed of super-cooled water and ice particles.
2
 

These clouds are of particular interest due to their ability to impact climate and the hydrological 

cycle.
3-5

 They can be found roughly in the region where the temperature is lower than -5 ºC but 

higher than -38 ºC, below which homogeneous freezing becomes predominant.
6, 7

 Because of this 

temperature range, heterogeneous ice nucleation is the primary pathway for ice formation within 

these clouds.  As a result, properties of the substances that can serve as ice nuclei, such as 

mineral dust, salts, biological species, and ash particles have been and continue to be extensively 

studied. 
2, 8-12

  

Combustion processes contribute significantly to aerosol emission across the globe.
13-15

 In 

particular, black carbon is thought to be the second largest anthropogenic climate forcing agent 

after CO2.
10

 The combustion of coal produces many other materials that are emitted into the 

atmosphere, one of which is fly ash, a major byproduct of the coal burning process. Although 

efforts are made to control the fly ash with filtration and adsorbent systems, large quantities of 

fly ash are emitted into the atmosphere.
16

 Fly ash is commonly found as a combination of 

crystalline and amorphous components that primarily contains oxides of silica, aluminum, 

calcium, and iron, which can also be found in mineral dust, a common type of aerosol particle.
16, 

17
 Fly ash particles are alkaline because they contain CaO and MgO.

14
   The composition and 
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morphology of fly ash differ based on the type of coal.
16

 Fly ash can be described as Class C, 

resulting from the burning of lignite or sub-bituminous coal, or Class F, resulting from the 

burning of anthracite or bituminous coal. The classes are also distinguished by their composition, 

in which Class C has CaO content that may approach 30-40% and 20% for Class F. Additionally, 

Class F must have a sum of SiO2, Al2O3, and Fe2O3 equal or greater than 70%.
18, 19

 Due to their 

different compositions, it is important to explore each fly ash type as their reactivity and ice 

nucleation activity are expected to differ.
20

 Because most fly ash particles are submicron in size, 

they can undergo long range atmospheric transport.
21

 In addition to the size, the composition of 

the fly ash can have an impact on the transport.
22, 23

 For example, fly ash that contains high 

concentrations of water-soluble components may become CCN and sediment out. During 

transport, fly ash can be involved in heterogeneous chemistry, such as acidic processing, which 

can alter its properties and ability to form cloud droplets and/or nucleate ice. Exposure to acidic 

materials is likely since SO2 and NO2, precursors of sulfuric and nitric acid, are co-emitted with 

fly ash. Acidic processing of fly ash results in leaching of metals such as Al, Fe, and Mg.
24-26

  

Navea et al. suggested that the OH density in particular, which varies based on the fly ash 

location, affects the water adsorption and ice nucleation activity of the fly ash.
20

 In conjunction 

with composition, surface properties can have an impact on the ice nucleation activity. Hiranuma 

et al. has shown that milled hematite, which has more surface features caused by the milling 

process, has enhanced ice nucleation activity compared to synthesized hematite.
27 

Previous studies that focused on the ice nucleation activity of fly ash have found that fly ash 

can serve as an efficient ice nucleus in immersion and condensation freezing.
21, 28, 29

 Due to the 

water-soluble components that could be found on the surface of fly ash, immersion (when the 

particle is in a water droplet) and/or condensation freezing (when water condenses and freezes) is 
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likely. In comparison to mineral dust aerosol, which has more crystalline structures, fly ash 

possesses some glassy (or amorphous) components, which may affect the ice nucleation activity. 

Of the few studies that have explored ice nucleation of fly ash, three of them focused on 

immersion freezing behavior and found that fly ash can serve as immersion nuclei.
28, 29

 Umo et 

al. investigated different types of combustion ashes and hypothesized that the ice nucleation 

activity was related to the composition (e.g. the quartz content).
28

 Likewise, Grawe et al. (2016) 

proposed a composition dependence when investigating immersion freezing of ash from wood 

and lignite coal burning.
29

 In later research on fly ash, Grawe et al. (2018) studied the effect of 

dry versus wet generation of their samples before performing ice nucleation experiments. They 

observed that the generation method could have an effect on the ice nucleation efficiency of the 

sample.
30

 Another study by Zawadowicz et al. used nitric acid to treat the same fly ash samples 

as this study, but their objective was to improve their single particle mass spectrometry detection 

methodology for biological aerosol particles and did not further analyze the effects of the nitric 

acid on their samples. Based on their spectra, the nitric acid did not show any noticeable changes 

in the composition from the untreated samples.
31

 Although done at very acidic conditions, 

Blanco et al. saw that the acid leaching of two fly ash samples led to the depletion of CaO, 

Fe2O3, Al2O3 but little change in the quartz weight percent after one hour in 30 wt. % sulfuric 

acid.
32

 

In this study, the physical and chemical properties of four fly ash samples representative of 

emissions from around the United States are explored before and after acid treatment. The effect 

of exposing different types of fly ash to sulfuric acid on the ice nucleation ability of fly ash has 

not previously been explored despite the co-location of the two substances. Sulfuric acid coatings 

and treatment have been extensively investigated on mineral dust, where it is found that sulfuric 
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acid decreases the ice nucleation efficiency in both immersion and deposition freezing modes.
33-

39
  To determine changes to composition, inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES) was used. To identify the components and determine changes to 

crystallinity, X-ray diffraction (XRD), transmission electron microscopy (TEM) with selected 

area electron diffraction (SAED) and energy dispersive spectroscopy (EDS), and Brunauer-

Emmett-Teller (BET) surface area measurements were taken.  Immersion freezing was used to 

explore the effect of acid processing on the freezing properties of fly ash. The effects of sulfuric 

acid treatment and water treatment are investigated and are discussed in the context of 

atmospheric processing. 

 

EXPERIMENTAL METHODS 

Four fly ash samples of three different Class types were chosen. Two Class C fly ash samples, 

Joppa (Joppa Generating Station, Joppa IL) and Welsh (Welsh Generation Station, Pittsburg, 

TX), a hybrid Class C/F fly ash, Clifty (Clifty Creek Power Plant, Madison, IN), and a Class F 

fly ash, Miami (Miami Fort Generation Station, North Ben, OH) were used for these studies. All 

fly ash samples were obtained through Fly Ash Direct, a service of Waste Management, Inc. The 

initial, untreated samples were sent to Resource Materials Testing Inc., where the elemental 

compositions for each fly ash sample were determined using wet chemical techniques as 

specified by regulatory guidelines (Table 1).
19

 The fly ash was treated with sulfuric acid or water 

following the same procedure and called acid treated and water treated, respectively. Fly ash (0.4 

g) was combined with sulfuric acid (0.10 M, 15 mL; EMD, ACS Reagent grade) or ultrapure 

water (15 mL, HPLC grade, Fisher). After being stirred for 1.5 hours, the samples were 

centrifuged and the supernatant was decanted for analysis with ICP-AES. Note that some of the 

liquid remains in the sample after centrifugation.  The fly ash was allowed to dry by evaporation 
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 7

for several days. The solid was lightly ground with a mortar and pestle before analysis by TEM, 

XRD, and Brunauer-Emmett-Teller (BET) analysis.  

The pH of 0.10 M sulfuric acid was selected to be representative of aqueous processing in the 

atmosphere. It has been seen in several studies that atmospheric fine particles can have pH 

ranges from -0.51 to 3.1 and up to 4.9 for haze and biomass burning events.
40-43

 A concentration 

of 0.1 M H2SO4 was chosen because it corresponds to a pH of 0.7, which falls into this range. 

Compared to our fly ash samples, in the atmosphere, the ions leached out of the particles would 

not generally be washed away, but instead, would be found in the aqueous solution. Nonetheless, 

our samples are good mimics of aqueous processing in the atmosphere but not an exact 

representation. 

The samples were each submitted for BET analysis to determine surface area with N2 as the 

flow gas. Pore size was determined from BET using the Gurevitsch method, which assumes all 

pores are uniform cylinders.
44

 Additionally, pH measurements of the 0.3 wt. % suspended 

solutions of the lightly ground samples were taken with a pH meter (B30PCI/89231-580, VWR 

International) and can be found in Table S1. Because sample preparation includes centrifuging 

and sonication before immersion freezing experiments, the fly ash samples may undergo 

chemical and morphological changes that would not be accounted for with untreated samples. 

Thus, for our experiment, the water treated fly ash is a better comparison to the acid treated than 

the untreated fly ash for the immersion freezing data. For the ice nucleation on gypsum (>98%, 

MP Biomedicals) and quartz (Research grade, Ward’s Natural Science Establishment, Inc.), the 

procedure followed that of the fly ash samples after their treatments. The minerals are ground in 

a mortar and pestle to a fine powder and then dispersed in Millipore water (0.3 wt. %) by 

magnetic stirring.   
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 8

For the XRD experiments, an X-ray diffractometer with Cu Kα radiation with a current of 40 

mA and a voltage of 45 kV was used. Bulk powder samples were front loaded in a zero-

background silicon holder. Goniometer angles were set from 5 to 70° 2θ with a 0.0263° 2θ step 

size and a scan step time of 96.4 s. A beam knife was used to reduce low angle scattering. The 

diffractograms (Figure 1) range from 5-45° instead of ranging to 70° because of the higher 

intensity found at the lower angles and well-defined peaks. Although there were some defining 

peaks at the higher angles, the intensity decreases, which makes it difficult to distinguish the 

peaks for these highly complex samples. The XRD diffractograms were analyzed using Jade 

XRD libraries.  

Samples for TEM were prepared using particles that were dry-generated from the untreated 

and acid-treated minerals, which were impacted on continuous carbon coated copper mesh grids 

(CF200-CU, Electron Microscopy Sciences, Hatfield, PA, USA) using a cascade impactor (PIXE 

International Corp. Tallahassee, FL, USA). The dry-generation method consisted of a vial 

containing the dried, lightly ground fly ash samples that are entrained with a flow of dry N2 gas 

into the cascade impactor that is backed with a pump at 1.0 lpm.
39, 45-47

 An average of 30 

particles were imaged ranging from 50 nm to 3 µm, and representative morphologies were 

analyzed with SAED and EDS. During the TEM analysis, SAED and EDS were performed to 

investigate the degree of crystallinity and the elemental composition of individual particles, 

respectively. 

The immersion ice nucleation experiments were performed using the lab-built immersion 

freezing chamber, which has been described in detail in Alstadt et al.
48

 Droplets containing the 

dried, lightly ground fly ash (0.3 wt.%, 2µL) in ultrapure water (Millipore Q, 18 MΩ) were 

pipetted onto a hydrophobically coated slide (Hampton research), which was then placed inside 
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 9

the chamber. Four trials were run for each sample with a minimum total of 120 droplets studied 

for each sample. The chamber was cooled by flowing nitrogen gas through a copper coil 

submerged in liquid nitrogen, while images were captured every 0.5 °C. The flow was adjusted 

to allow for a 3 °C /min cooling rate. We assume the droplets are sufficiently large to minimize 

evaporation over the timescale of the experiment.  Broadley et al. previously found no 

dependence on the cooling rate between 0.8 and 10 °C/min with NX-illite particles.
49

  

 The number of droplets frozen at a given temperature (n(T)) were recorded to calculate the 

cumulative fraction of droplets frozen (fice) using the following equation: 

���� =
�(	)

�
   (1)   

where N is the total number of droplets. In order to rule out background freezing from the 

Millipore water, freezing experiments were performed with pure Millipore water (206 particles 

in total). Using the procedure outlined in O’Sullivan et al. and based on Vali et al., the fraction of 

droplets frozen at a specific temperature, F(T), from each trial was used to calculate K(T), the 

number of nucleation sites per milliliter water at that temperature for each Millipore and fly ash 

trial as follows: 

�(
) =
���	[���(	)]

�
× �  (2) 

where V is the droplet volume in milliliters and d is the dilution factor.
50, 51

 The average K(T) at 

each temperature for the Millipore water is then subtracted from the average K(T) calculated for 

each fly ash experiment. The number of surface sites per unit area as a function of temperature 

(ns) is calculated from the K(T) using the following equation: 

�� = �(
) × ���  (3) 

where C is the total surface area of fly ash in a given volume, which is calculated using the BET 

surface area and mass percent fly ash in each experiment. The ns is calculated at each 
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 10

temperature and its standard deviation is calculated using the standard deviation of K(T) over 

each trial. 

 

RESULTS AND DISCUSSION 

The fly ash used in this study is classified into 3 categories: Class C, Class F, and a hybrid Class 

C/F. The samples were sent to Resource Materials Testing Inc., and the elemental compositions 

for each fly ash sample were determined using wet chemical techniques as specified by 

regulatory guidelines.
19

 As seen in Table 1, Si is the primary component of all fly ash (46.47 – 

34.03%) with Al also being a major component (18.23 – 21.50%). Class C fly ash, Joppa and 

Welsh, have a high amount of Ca (24.27% and 26.89%, respectively). Class F has the smallest 

amount of Ca (3.41%), but the highest amount of Fe (22.17%). Class C/F has almost equal 

amounts of Ca and Fe (11.78% and 12.39%, respectively). To a lesser extent, Mg, Na, K, and S 

are also present in every fly ash type. Note that the metal elements are listed as their most 

common oxides in Table 1 due to the analysis method used by Resource Materials Testing Inc. 

and may not have the same composition in the sample as indicated by the chemical formula 

listed.
19
 

Table 1. The percent composition by mass of the fly ash samples from Resource Materials 

Testing Inc.,
19

 and the crystalline fly ash components identified using XRD (marked with an *). 

Chemical Name Class C Class C/F Class F 

Joppa (%) Welsh (%) Clifty (%) Miami (%) 

SiO2 Quartz 38.84* 34.03* 43.13* 46.47* 

Al2O3 Alumina 19.53 18.23 21.31 21.50 

Fe2O3 Hematite 5.44 5.68* 12.39* 22.17* 
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The XRD results determine the crystalline phases present in each fly ash sample before and 

after reaction with sulfuric acid. Table 1 and Figure 1 show the results of this analysis. The 

diffractograms’ ranges were limited to 45°.	At angles greater than 45°, the intensity decreases 

and the peaks are less defined making it difficult to differentiate the peaks when labelling. Thus, 

only the major components in the XRD diffractograms were labelled for clarity. A representative 

full diffractogram can be seen in Figure S1. The results indicate that both crystalline and 

amorphous components are present. The Class C/F Clifty and Class F Miami samples have the 

most amorphous material, indicated by the large humps in the background of each sample that 

can be seen around 10°	 and	 25°. The amount of amorphous content in the samples could be 

quantified if an external crystalline standard had been used. Rietveld refinement was attempted 

on the samples for composition data, but the goodness of fit values were too large to be 

considered as accurate fits. Therefore, the components of each fly ash sample were not 

quantified, but major and minor components can be determined. For all samples, the primary 

CaO Lime 24.27* 26.89* 11.78* 3.41* 

MgO Periclase 4.88* 6.32* 2.51* 1.02* 

Na2O  1.62 2.52 2.22 0.64 

K2O  0.69 0.42 1.34 2.32 

SO3  1.42 1.98 2.82 1.13 

Al2.35Si0.64O4.82 Mullite ---* ---* ---* --- 

Fe3O4 Magnetite ---* --- ---* ---* 

CaSO4 Anhydrite ---* ---* ---* --- 

CaCO3 Calcite ---* ---* ---* --- 

Products after acid treatment 

Ca(SO4)·2H2O Gypsum ---* ---* ---* --- 
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 12

crystalline component of each sample is quartz (SiO2) and is identified as Q in the diffraction 

patterns. Smaller amounts of mullite (Al2.35Si0.64O4.82), hematite (Fe2O3), magnetite (Fe3O4), 

anhydrite (CaSO4), lime (CaO), calcite (CaCO3), and periclase (MgO) are also present in most 

samples (Table 1). These results agree with previous measurements which have described fly ash 

as largely comprised of amorphous material with large amounts of aluminosilicate minerals with 

some crystalline components.
16

 In the XRD diffractograms, CaO peaks were not included 

because they were found only at the higher angles above 45°.	 At	 these	 higher	 angles,	 the	

components’	 peaks	 are	 often	 found	 close	 together	 with	 lower	 intensities,	 making	 them	

difficult	 to	 label	 in	 Figure	 1.	 Compared to the large percent composition given by the 

manufacturer, the XRD results did not show alumina peaks, but we infer that either initially or 

during the water and acid treatment procedure, the alumina was lost or converted to an 

amorphous state. No significant change in the overall XRD was observed after water treatment, 

indicating that any crystalline water-soluble material present is in low amounts. This is expected 

from previous studies which have revealed the low amounts of water-soluble crystalline 

components in fly ash.
21, 26, 52

  

After acid treatment, gypsum (Ca(SO4)•2H2O) is present as a large peak in the diffractogram 

identified as ‘G’ (Table 1 and Figure 1) for the Class C and Class C/F fly ash.  The water-treated 

samples have some gypsum present as well but in smaller amounts. The amount of gypsum 

directly corresponds to the overall amount of Ca in these samples as indicated by Table 1. Even 

after acid treatment, calcium oxide peaks are still present in the diffraction pattern for these 

samples indicating that not all of the Ca is available for the reaction and/or is unreactive. The 

presence of gypsum suggests that the residual sulfuric acid left after centrifugation reacts with 

the surface of the solid particles.  In addition, the Class F Miami sample does not have the same 
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 13

reactivity as the Class C and C/F samples. The Class F Miami sample has Fe present as hematite 

and magnetite like the Clifty sample but to a greater extent (Table 1 and Figure 1). These 

components, along with quartz, compose most of the crystalline material of the treated and 

untreated Class F Miami sample. Overall, there are no major changes in the Class F Miami 

sample with water or acid treatment. This result indicates that no crystalline phases are created or 

altered through these treatments. A small amount of salt formation is possible, but it is likely to 

be below the detection limit or amorphous.  

Page 13 of 33 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 14

 

TEM, EDS, and SAED analyses were performed to determine the morphology, elemental 

composition, and crystallinity of the fly ash types. While XRD shows the average composition 

over the whole sample, these microscopy analyses characterize individual particles, and therefore 

demonstrate the heterogeneity of the sample.  The SAED images indicate that the samples 

contain particles, with amorphous and polycrystalline components, as indicated by the diffuse 

Acid-treated Clifty 
Water-treated Clifty 
Untreated Clifty 

Water-treated Miami 
Acid-treated Miami 

Untreated Miami 

Water-treated Joppa 
0.10 M SA Joppa 

Untreated Joppa 
Water-treated Welsh 
Acid-treated Welsh 

Untreated Welsh 

Figure 1. The XRD data for untreated, acid-treated, and water-treated a) Class C Joppa, b) 

Class C Welsh, c) Class C/F Clifty, and d) Class F Miami fly ash. SA refers to sulfuric acid. 

Major components, quartz (Q), gypsum (G), and iron oxide (Fe) are marked on each 

diffraction pattern.  
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rings and bright spots, respectively, consistent with silicate glass being a component of fly ash 

(Figure 2a and 2b). The EDS characterizes the elemental composition of individual particles.  

For example, our results indicate that Ca, Mg, Al, Si, P, Ti, and Fe are found in Fig. S2a and Si, 

P, and S are found in Fig. S2b. The presence of Ti was unexpected based on the elemental 

analysis and XRD results in Table 1; however, small concentrations of Ti are found in the ICP-

AES results (Fig. 4) of the Class C/F Clifty sample and TiO2 has been identified previously in fly 

ash.
53

 Overall, these results are in agreement with the results from Materials Testing Inc. and 

other studies that performed elemental analysis on fly ash.
21, 28

 After acid exposure, large 

amounts of highly crystalline material appeared throughout the Class C and Class C/F samples, 

for which a representative particle is shown in Figure 2c. EDS confirms the presence of Ca and S 

indicating that this particle is likely gypsum, as observed in the XRD (Figure S2c). The EDS 

spectra (Figure S2d) of the particle in Figure 2d indicates that it is composed of primarily Al and 

Si with smaller signals from K, Ca, and Fe. The lack of S signal indicates that the gypsum 

crystals are likely localized or below the detection limit. The Clifty sample behaves like the 

Class C samples, but with less calcium sulfate observed. 
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The morphology of the Class F Miami sample as seen in the TEM images in Figure 3 a and b 

is different from the other fly ash samples. While spheres with small amounts of crystalline 

Figure 2. Representative TEM images for the fly ash samples a) spherical, 

untreated Class C, b) irregular, untreated Class C, c) acid-treated Class C, and 

d) acid-treated Class C/F. The fly ash particles showed a variety of spherical 

and irregular particles. Insets are SAED diffractograms showing the degree of 

crystallinity.  
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materials around them are observed, fractal structures and more irregular particles with a similar 

appearance to mineral dust are observed as well (Figure 3 a and b). The fractal structure is 

composed of Si, Al, S, Ca, and Fe as seen in the EDS spectrum (Figure S3a). The mineral dust-

like structure in Figure 3b is primarily composed of Si, Al, Mg, K, and Fe (Figure S3b). After 

acid treatment, the particle shapes were less distinct, and fewer small particles were observed, 

perhaps a result of dissolution or agglomeration (Figure 3 c and d). The mineral surface structure 

after acid treatment appears smoother with less surface defects due to dissolution or particle 

coatings, and is primarily composed of Si, Al, S, and Fe (Figure S3c), while the spherical particle 

in Figure 3d is composed of Si, Al, S, K, and Fe (Figure S3d). While XRD results indicate that 

the Miami sample is less reactive than the other samples, the TEM shows that there are 

morphological changes as a result of acid treatment.  
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ICP-AES analysis was performed on the supernatants to quantitatively examine the leached 

ions after water and acid treatment. Note that we list below the major element in these ions rather 

than the ion itself; oxides, for example, are not denoted as such.  In general, acid treatment 

released many more and a greater variety of ions than the water treatment as seen in Figure 4. 

This behavior has been observed previously in nitric acid- and sulfuric acid-treated mineral dust 

Figure 3. Representative TEM images for Class F Miami fly ash particles (a 

and b) and acid-treated Class F Miami fly ash particles (c and d). The insets 

are SAED diffractograms showing crystallinity.  
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and leaching studies on fly ash.
25, 39, 54

 The water treatment released a variety of ions including 

those containing the elements Ca, S, and Na, with smaller amounts of Al for most of the samples 

regardless of class. With acid treatment, Class C fly ash released primarily Ca, Mg, Si and Al 

with some Na. The Class C/F Clifty sample released mainly Na, Ca, Al, and Si, along with some 

Fe and Mg. The Class F Miami sample released Al, Si, Ca, and Fe with small amounts of Mg 

and Na, but a much smaller amount was released compared to the other samples, mirroring the 

low reactivity as reported above for XRD. The release of multiple ions suggests the possibility 

that a large variety of sulfate salts are formed in addition to gypsum during the drying process, 

but they are present in too small of an amount or too amorphous to distinguish in the 

diffractograms. The amounts of ions released do not necessarily reflect the composition of the fly 

ash outlined in Table 1, but instead are most likely dependent on the availability of the 

component to react and the chemical environment.  Reaction products detected by XRD likely 

form at the surface of the particles with the residual sulfuric acid that is left on the solid after the 

supernatant is decanted.  The ICP-AES results suggest that Ca is available for reaction to form 

gypsum because there is a sufficient quantity at the surface to be leached into solution. For Class 

F, the lack of gypsum could be a result of a lower concentration of CaO in the original fly ash 

samples. From the ICP-AES data in Figure 4, it can be seen that similar amounts of Ca were 

leached, which could lead to insufficient Ca in the surface layer for gypsum formation.  If 

calcium sulfate is formed, the amount may be under the XRD detection limit or an amorphous 

intermediate, which would not have been detected by XRD. In comparison, samples with high Fe 

content release more Fe during acid treatment.  
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The fate of Fe in the fly ash before and after acidic-processing is of particular interest due to its 

importance for biogeochemistry.
55

 Fly ash has been previously investigated as a source of water 

soluble Fe. Chen et al. found that, after acidic processing at pH 1 for 1.5 hours, Class F fly ash 

released about 3 mg Fe/g.
26

 Similarly, our ICP-AES results show that the Class F Miami sample 

released 3.0 mg Fe/g fly ash and Class C/F released 8.3 mg Fe/g fly ash with acid treatment. The 

Class C fly ash samples Joppa and Welsh released 0.25 and 0.084 g Fe/g fly ash, respectively. 

* * 

* * 

b a 

c d 

Figure 4. The ICP-AES results for the supernatant collected from the water-treated and acid-

treated Class C Joppa and Welsh, Class C/F Clifty, and Class F Miami fly ash samples. Data 

for S in the acid-treated samples are shown as 0 and marked with an asterisk because the S 

from the fly ash is masked by the S in the sulfuric acid. 
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This result is consistent with previous literature on mineral dust, which found that the total iron 

released does not always correspond to the surface area or the iron content of the sample, 

indicating that the speciation and chemical environment is necessary to know how much 

leaching will occur.
56

 In addition, Hettiarachchi et al. found that dust samples with high Ti 

content would have a higher concentration of leached Fe(II) in acidic conditions because of 

metal-metal synergistic effects.
57

 From the ICP-AES results, it is seen that the acid treated Clifty 

has 20.4 mg/mL Ti leached compared to Miami which had 81.2 mg/mL Ti; therefore, the larger 

concentration of Ti found in Clifty may have aided the leaching of iron. In the XRD 

diffractograms, the peaks for hematite (Fe2O3) and magnetite (Fe3O4) were detected at the higher 

angles; thus, it could be inferred that both Fe
2+

 and Fe
3+

 were present in the leached solution and 

on the fly ash samples. The composition and therefore class of the fly ash affects the 

heterogeneous chemistry and overall environmental impact of the fly ash.  

BET analysis was performed to understand how the surface area and pore diameter differs 

between the water-treated and acid-treated samples (Table 2). Class C fly ash, Joppa and Welsh, 

and Class F fly ash showed an increase in the surface area of the acid-treated samples compared 

to the water-treated samples. This can be attributed to acid exposure etching away the edges of 

particles and infiltrating surface defects, leading to a higher overall surface area. The Class C/F 

Clifty fly ash showed a slight decrease in surface area with the acid-treated samples. Recent 

literature has suggested the importance of pore size on ice nucleation behavior,
58-60

 and as a 

result, the pore diameter of each sample was also recorded. For all fly ash samples, the pore 

diameter was smaller for the acid-treated sample.  This result is in contrast to previous studies 

observing an increase in pore diameter when the aluminosilicate clay minerals, kaolinite and 

montmorillonite, are treated with sulfuric acid.
61, 62

 Fly ash has many different components not 
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found in kaolinite and montmorillonite and can be even more complex in composition because of 

the generation processes. This complexity leads to an increase in reactivity, primarily gypsum 

production and leaching of different metals based on the four fly ash samples studied.  The 

smaller pore diameters could be due to reaction products such as gypsum blocking pore sites, 

especially in the Class C and Class C/F cases. For Class F, there was no observable formation of 

gypsum from XRD, and as a result, the pore shrinkage could be the result of crystalline or 

amorphous reaction products filling the pores (that are not observed with XRD) and/or structural 

changes to the fly ash. Also of note, there is a large increase in surface area with a decrease in 

pore size in Class F. This could be a result of the gypsum formation from hemihydrite that has 

been shown to form air voids from changes in the crystal structure during the transition.
63, 64

 If 

these air voids form close enough to the surface, it would create large defects on the surface, 

which would increase the surface area. Class C has a larger quantity of CaO initially compared to 

Class C/F and F, which allows for more hemihydrite to gypsum transformations; thus, there 

could be more defects at the surface. 

Table 2. The BET, pore size, and onset and end of freezing for each fly ash experiment and the 

reference minerals (quartz and gypsum). 

Class Sample Treatment BET (m
2
/g) 

Pore 

diameter 

(nm) 

IN 

Onset 

(°C) 

IN End 

(°C) 

- Quartz - 1.344 ± 0.006 - -13.5 -22.5 

- Gypsum - 0.416 ± 0.002 - -19.0 -26.5 

Class C 
Joppa 

Water 8.72 ± 0.05 9.38 -8.0 -30.0 

Acid 21.69 ± 0.06 5.06 -17.5 -28.0 

Welsh Water 7.8 ± 0.1 9.84 -16.0 -29.5 
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Acid 19.58 ± 0.06 6.68 -16.5 -26.0 

Class 

C/F 
Clifty 

Water 8.88 ± 0.07 7.02 -18.5 -29.0 

Acid 6.24 ± 0.06 5.07 -15.5 -28.0 

Class F Miami 
Water 3.92 ± 0.06 5.40 -12.5 -28.5 

Acid 6.2 ± 0.1 3.41 -13.5 -24.0 

 

Table 2 and Figure 5a also show the freezing behavior of each fly ash sample. Immersion 

freezing analysis was done to determine the effect of the elemental and morphological changes 

on ice nucleation. Low weight percent suspensions (0.3 wt. %) of the fly ash were prepared to 

ensure that the fly ash would remain well mixed during the experiments (Table 2). For the fly ash 

samples, the onset of freezing ranges from -8 to -18.5 ºC, and the last droplet freezes between -

24 to -30 ºC. Note that the data found in Table 2 are not normalized by the total surface area of 

the fly ash within each droplet. These results along with the fraction frozen plot in Figure 5a 

indicate that all fly ash samples measured showed freezing above the background freezing of the 

Millipore water, which is indicative of heterogeneous nucleation. The BET results were used to 

normalize the data for surface area. The background freezing caused by the Millipore water 

freezing was also accounted for by performing the background subtraction outlined in the 

Experimental Methods. These results are plotted as the number of ice nucleation active sites as a 

function of temperature (Figure 5b). The ns increases monotonically with decreasing temperature 

except in cases where the Millipore water background freezing outpaces the nucleation due to the 

fly ash, but  heterogeneous nucleation by the fly ash is the predominant mode. Because the 

freezing events at the beginning and the end can vary slightly between runs, these error bars tend 

to be large in those areas. Also, in places where the error is greater than the measurement itself, 

only the positive error is plotted. These results confirm that the Class F Miami acid-treated 
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sample is a better immersion freezing ice nucleus than both its water-treated counterpart and 

every other sample. Similarly, the Class C/F Clifty sample also showed better freezing efficiency 

with the acid-treated sample compared to the water-treated sample. The Class C samples, Joppa 

and Welsh, however, both show better freezing efficiency with the water-treated samples. 

Compared to aluminosilicate mineral dust such as kaolinite and Arizona test dust, the fly ash 

studied in this paper freeze at warmer temperatures overall but also have a lower active site 

density.
2
 Our quartz sample was a more efficient ice nucleus than the fly ash samples. On the 

other hand, gypsum first nucleated at a later temperature (-19.0 °C)  than the fly ash samples and 

was out-competed by background freezing until -22.0 °C. After this temperature, the number of 

active sites increased rapidly. Gypsum that was exposed to water for a day and dried showed the 

same ice nucleation activity as the initial gypsum sample. In Grawe et al. (2018), the work of 

Garimella was shown.
30, 65

 In Garimella’s work, the same fly ash samples that were used in the 

present study were size selected before ice nucleation experiments. Because the fly ash was not 

size selected for the present study, the ice nucleation results differ from those reported in 

Garimella, perhaps due to a difference in composition of different size fractions of fly ash.
65
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a 

b 

Figure 5. The fraction frozen for the water-treated and acid-treated 

fly ash samples with the background freezing due to Millipore water 

(a) and the number of frozen active sites per unit surface area (n
s
) plot 

for each sample with the standard deviation. Gypsum and quartz are 

added as reference samples. 
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The differences in freezing efficiency with acid treatment are likely due to the reaction 

products from acid treatment. When Class C fly ash was treated with sulfuric acid, gypsum was 

produced and could have blocked sites for ice nucleation during these experiments resulting in a 

less efficient ice nucleus. Note that the Class C Welsh perhaps shows the most significant 

decrease in ice nucleation activity. From Figure 5b, it can be seen that although gypsum has a 

later onset freezing temperature than some of the samples, there is a sharp increase in freezing 

activity, which indicates that the change in ice nucleation activity of the fly ash samples with the 

acid treatment is not solely due to composition.  Specifically, as a result of gypsum formation, 

morphological and/or chemical changes at the surface are likely the cause(s) of the differences in 

ice nucleation. We have previously seen that reaction products created during acid treatment 

inhibit ice nucleation of aluminosilicate clay minerals.
26

 In addition to affecting ice nucleation, 

gypsum could have impacts on mixed-phase clouds by aiding in the formation of cloud 

condensation nuclei. Because gypsum is a slightly soluble compound at approximately 0.016 M 

at 25°C, it has the potential to act as a cloud condensation nucleus if the surface of an aerosol is 

coated with it.
66

  

In contrast to Class C fly ash and previous studies on mineral dust, the sulfuric acid treatment 

led to better ice nucleation ability for the Class C/F Clifty and Class F Miami samples. Note, the 

uncertainty in the surface area might account for the trend of these samples. Class C/F and F fly 

ash both produced little to no crystalline gypsum. The pore size still decreased, which would 

indicate that reaction products that are amorphous or lower than the detection limit of the XRD 

could be filling the pores. Additionally, it could be that the pores are not the active sites for this 

sample. The increase in ice nucleation efficiency could be the result of the acid treatment 

activating a component such as Fe to become more susceptible to ice nucleation. In addition, 
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etching of the surface to produce more active sites is likely not the cause of enhancement 

because the surface area increased for the Class F and decreased for the Class C/F. Our results 

are therefore inconclusive about why the ice nucleation activity is enhanced after reaction for 

these samples.  

 

CONCLUSIONS 

Sulfuric-acid treatment has major physical and chemical effects on fly ash. These effects are 

dependent on the class and, therefore, composition of the fly ash. In this paper, acid treatment 

results in the formation of sulfate salts, namely gypsum, and a variety of metals are leached. In 

samples where gypsum was produced, the immersion freezing activity decreased.  In samples 

where gypsum was not detected, the immersion freezing activity slightly increased.  Our study 

shows that care should be taken to thoroughly characterize samples because changes in 

composition across classes of fly ash can lead to very different results in terms of reactivity and 

ice nucleation activity. Furthermore,  the fly ash samples tested, whether acid treated or not, have 

shown that there is potential for similar particles to serve as ice nuclei and thus have an effect on 

climate. 
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TOC Image 

 

The ice nucleation activity of fly ash, a byproduct of coal combustion, depends on its 
composition. 
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