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A B S T R A C T

This study investigated the dissolution of 8 class C and 8 class F fly ashes in undersaturated conditions at pH 
12.4–13.8 and 25–60 ◦C. Class C fly ashes showed preferential dissolution of Al over Si, while congruent 
dissolution was observed for low Ca fly ashes. Si in solution inhibited the dissolution of class C ashes, while Ca 
and Al inhibited the dissolution of class F ashes. NaOH dissolved class F fly ashes faster than KOH at the same 
concentrations. Non-bridging oxygen per tetrahedra correlated with dissolution rates in early hours while long- 
term reactivity was related to reactive Al and Si content. Dissolution in the dilute solution was consistent with 
reaction extent in R3 mixtures at 25 ◦C, and but greater for reactions at 40 and 60 ◦C. These results help us 
understand fly ash dissolution and predict reactivity under conditions relevant to those used to evaluate per
formance in cementitious mixtures.

1. Introduction

Fly ashes are commonly used supplementary cementitious materials 
that replace a portion of a concrete mixture’s portland cement content 
and can alter fresh and later age properties, including improving long- 
term durability performance [1,2]. However, the supply of traditional 
fly ashes for which current specifications, e.g. ASTM C618 [3] and 
AASHTO M295 [4], were developed is in decline due to the reduction in 
coal energy production [5]. New sources of fly ashes, including har
vested fly ash sources, are being successfully utilized [6,7], but better 
understanding of the reactions of fly ash in concrete mixtures, and the 
extent to which novel test methods assess this parameter are essential in 
order to evaluate the suitability of these new ash sources for use in 
concrete. Thus, in order to enable rapid assessment of fly ash quality and 
mitigate the gaps between the supply and demand for fly ashes in the 
concrete industry testing methods must be developed that effectively 
evaluate the performance of fly ashes [8]. One of the key aspects of the 
performance of fly ashes is their reactivity [1], which has been shown to 
correlate with their contribution to concrete mechanical strengths [9] 
and durability, including the mitigation of alkali-silica reactions [10]. 
To ensure that reactive materials are allowed for use in concrete while 
prohibiting non-reactive materials a comprehensive understanding of 
the reactions of fly ash in cementitious materials is needed.

The dissolution of fly ashes is a critical step during their reaction in 
cementitious mixtures [11]. The dissolution of Ca-aluminosilicate 
glasses, one of the main components of fly ash glasses [12–14], has 

been found to usually occur faster in coal ashes with higher Ca/(Al + Si) 
glass ratios [13,15–17]. This observation was explained by the structure 
of silicate glasses: the dissolution process is controlled by the breakdown 
of the glass tetrahedron network formed by Al and Si connected by 
bridging oxygens. The presence of network modifiers, like Ca, can lead 
to the depolymerization of the network and facilitate the breakdown of 
the network: a higher depolymerization degree results in more bridging 
oxygens becoming non-bridging oxygens. Thus, an index called non- 
bridging oxygen per tetrahedron (NBO/T) has been used to predict the 
dissolution rates of silicate glasses [11]. However, recent studies have 
found that the effects of glass structure on glass dissolution kinetics 
cannot be solely explained by NBO/T [12,18], but are also affected by 
reactive surface area, the development of diffusion barriers due to the 
coverage of glasses particles surfaces by the hydrates formed during 
pozzolanic reactions, and varying environmental conditions such as 
solution chemistry and temperature [1,19].

The dissolution of silicate glasses and minerals has been modeled as a 
function of surface area, temperature, aqueous species, and chemical 
affinity, which can be summarized as Eq. 1 [20]: 

Dissolution rate = S×A× e
− Ea
RT × ani

i ×

(

1 −
Q
K

)σ

(1) 

where S is the reactive surface area in m2, A is a pre-exponential factor in 
mol⋅m− 2⋅s− 1, Ea is the activation energy in J⋅mol− 1, R is the gas constant 
in J⋅mol− 1⋅K− 1, T is temperature in Kelvin. The exponential term e-Ea/RT 
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describes the dependency of dissolution rate on temperature. The 
product of A and e-Ea/RT is also called the rate constant, k. ai is the ac
tivity of aqueous species that affect the kinetics of dissolution such as H+

and OH− , Na+, and K+ [20]. The impact of these aqueous species is 
usually modeled using power indexes ni. When ai is H+ or OH− , the 
corresponding indexes nH and nOH are also called pH dependency fac
tors. Dissolution rates are usually a function of the chemical affinity of 
the dissolution reaction. The chemical affinity describes how close the 
reaction is to the equilibrium, and is a function of Q, the ion activity 
product (unitless). Q increases with the activities of reaction products, 
which in fly ash systems are primarily Ca, Al, and Si species released into 
solution during dissolution. K is an equilibrium constant (unitless). 
Sometimes a Temkin coefficient σ will be needed to fit the experimental 
results. The activities of aqueous species close to the dissolving solid 
surfaces could be different from those in bulk solutions if diffusion 
barriers have developed around the particles. While silicate glass and 
minerals are extensively studied, experimental evaluation of these pa
rameters for fly ashes is scarce.

Considering these factors, the dissolution kinetics of fly ashes are 
likely significantly different under varying conditions. Indexes solely 
based on elemental compositions, such as NBO/T, may be useful for a 
rough quality assessment, but additional testing is needed to understand 
the reactivity of fly ashes under all conditions [2,14]. In addition, the fly 
ash system is even more complicated because it is a mixture of many 
different glasses and crystalline phases [6,21]. Our current under
standing of fly ash dissolution is not comprehensive enough to accu
rately predict dissolution kinetics and more information on the 
dissolution behaviors of fly ashes including rates, activation energies, 
and effects of solution chemistry, is needed before accurate models can 
be built to predict the reactivities of fly ashes and the meaning of 
existing reactivity test methods’ results understood.

To gain more information on the fly ash dissolution process, disso
lution tests were conducted using 8 class C and 8 class F commercially- 
available fly ashes with a widely varying chemical compositions, 
intended to reflect a broad range of fly ashes which may be used in 
concrete mixtures, in diluted alkaline solutions. The impacts of solution 
chemistry, temperature, pH, and ionic strength on the dissolution ki
netics were elucidated to provide additional information needed for 
modeling fly ash reactivity. The relationships between NBO/T, disso
lution rates and reactive content were explored to understand the impact 
of ash chemical composition on the fly ash reactivity in early stage and 
long term. The differences between the fly ash dissolution in undersat
urated conditions and that in cementitious mixtures, simulated by R3 

mixtures, were also examined in order to improve understanding of the 
contribution of dissolution to fly ash reactions in cementitious systems, 
as well as better understand the meaning of R3 reactivity testing results. 
The outcomes provide insights into the factors controlling the reactivity 

of fly ashes and will aid in development of more accurate models of the 
fly ash dissolution-reaction process occurring in fly ash-concrete 
systems.

2. Materials and methods

2.1. Materials

Sixteen coal combustion fly ashes were obtained from Eco Materials 
Technologies, the SEFA Group, and Titan America. The elemental 
compositions were characterized using X-ray fluorescence spectroscopy 
(XRF), as shown in Table 1. Fly ashes investigated in this study were 
classified into 8 Class C and 8 Class F ashes according to ASTM C618. 
The available alkali (Na2Oe = Na2O + 0.658 K2O) were determined 
following ASTM C311 procedures. The amorphous contents were char
acterized using X-ray diffraction (XRD). The phase compositions and 
particle size distributions characterized using laser diffraction (LS-13- 
320, Beckman Coulter) are provided in the Supporting Information.

Sodium hydroxide, potassium hydroxide, calcium hydroxide, 
aluminum hydroxide, potassium silicate, potassium chloride, sodium 
chloride, and potassium sulfate were obtained from Fisher Scientific. All 
chemicals were at least ACS grade and solutions were prepared using 
ultra-purified water (18.2 MΩ-cm, Milli-Q).

2.2. Dissolution tests

Dissolution behaviors of fly ashes were tested at 25, 40, and 60 ◦C, 
using a solid-to-liquid ratio of 0.1 g/L. The pH was adjusted using KOH 
or NaOH. The solutions were mixed and their temperature was 
controlled using a magnetic stirring hotplate. The samples, collected 
during the experiments, were filtered using 0.22 μm filters, diluted in 2 
% nitric acids, and analyzed using inductively coupled plasma-optical 
emission spectrometry (ICP-OES). Replicate tests were conducted on 
selected samples (Fig. S2) and the error range of dissolved ion concen
trations was ~ ± 10 %.

2.3. Calculation of activation energy, pH dependency, and NBO/T

The activation energies, which represent the dependency of disso
lution kinetics on the temperature were calculated using the slopes when 
plotting -ln(k) against the 1/RT. The rate constant k was estimated using 
the slopes when plotting 1-(1-α)1/3 with time (α is dissolved fraction) 
[22]. Description of the procedures used to calculate activation energy, 
dissolved fractions of the samples, variation in dissolution rate, and 
normalized dissolution rates can be found in the supplemental infor
mation. This shrinking core model considers the evolution of spherical 
particle surfaces along the progress of dissolution. However, actual fly 

Table 1 
Elemental compositions, available alkali, and amorphous content of fly ashes.

wt% SiO₂ Al₂O₃ Fe₂O₃ CaO MgO SO₃ Na₂O K₂O TiO₂ P₂O₅ Na₂Oe Amorphous content

C1 40.36 18.56 4.56 19.91 3.67 0.80 1.43 0.56 1.04 1.05 1.31 77.8
C2 31.36 14.60 4.97 24.77 6.89 2.18 1.91 0.33 0.90 1.18 1.64 60.0
C3 36.70 22.82 4.53 22.45 4.33 1.19 3.44 0.95 1.28 1.09 1.49 83.6
C4 27.66 22.88 4.23 21.54 4.52 2.55 12.61 0.76 1.27 0.67 5.05 89.8
C5 40.11 22.61 4.54 19.45 5.72 0.76 3.74 0.91 0.64 1.42 1.58 84.5
C6 31.82 22.87 5.68 28.24 5.52 1.08 2.28 1.02 0.78 0.46 1.24 79.3
C7 29.85 17.66 4.73 31.75 9.32 1.19 2.57 0.76 0.83 1.08 1.14 74.4
C8 28.80 18.37 5.69 32.08 7.29 2.72 2.59 0.38 0.78 0.88 1.67 66.8
F1 55.57 17.40 10.38 5.38 1.43 0.41 1.17 2.59 0.69 0.44 0.87 85.3
F2 52.05 14.02 5.01 11.89 4.28 0.58 3.62 2.13 0.44 0.15 1.85 92.2
F3 48.78 18.83 14.77 4.67 0.91 1.27 0.68 2.35 0.85 0.11 0.92 80.4
F4 51.61 25.91 11.22 1.72 0.95 0.10 0.37 2.31 1.17 0.24 0.73 70.9
F5 45.34 27.39 4.00 14.61 3.59 0.70 1.48 0.65 1.09 0.37 1.29 67.9
F6 59.18 25.01 9.54 1.59 0.24 0.12 0.05 3.62 0.51 0.02 1.78 75.4
F7 59.95 21.16 6.46 7.37 1.91 0.21 0.31 1.72 0.67 0.08 0.61 76.8
F8 60.46 18.65 3.97 5.64 0.41 0.28 5.62 2.62 0.55 0.00 1.37 87.2
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ash systems are complex, and factors like porosity of the particle, or 
etch-pit style dissolution of the particle surface could result in differ
ences in modeled results and actual system conditions. The pH de
pendencies, which represent the effects of OH− on the dissolution rates, 
were calculated using the slopes when plotting log(aSi) against log 

(OH− ). Due to the high liquid-solid ratio, we assume that there is no 
significant change in pH over time during the test. The NBO/T of the fly 
ashes was determined using elemental compositions of amorphous 
contents and eq. 2: 

Fig. 1. The fractions of Ca, Al, and Si released during the dissolution of (A) C6, (B) C1, (C) F2, (D) F7, (E) F1, and (F) F4, at 25 ◦C, pH 13.1, KOH solution. The error 
bars show the ~ ± 10 % variability measured on selected replicate samples.
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NBO
T

=
2
(
xCaO + xMgO + xNa2O + xK2O + xFeO + 2xTiO2 − xAl2O3

)

xSiO2 + 2xAl2O3

(2) 

where x is the mole fractions of different oxides [14]. Please note that 
this equation is simplified, and the potential role of Al as a network 
modifier is not considered. The elemental compositions of amorphous 
phases were calculated using the XRF results and the amount and phases 
of crystalline components were determined by quantitative XRD anal
ysis. The saturation indexes of potential precipitations and the estimated 
pH of R3 solutions were calculated using PHREEQC and the LLNL 
database.

2.4. R3 mixtures and selective dissolution

The pozzolanic reactivities of fly ashes were tested using ASTM 
C1897, also known as the R3 method. A mixture of Ca(OH)2, CaCO3, 
KOH, and K2SO4 were used to simulate the conditions in cementitious 
mixtures. Samples were cured at 25, 40, and 60 ◦C for up to 180d, 
ground and oven dried at 40 ◦C for 24 h.

The dissolved fractions of fly ashes in the R3 mixtures were deter
mined using a selective dissolution method [23]. This method dissolves 
other solids in the dried powder and allows for quantification of the 
mass of residues, which are assumed to be undissolved fly ashes. 0.5 g 
powder were mixed with 500 mL 0.05 M EDTA solution with a pH of 
11.6, adjusted by NaOH, using a bottle roller (MX-T6-S, DLAB) for 1 h. 
The suspensions were filtered using 0.45 μm membranes and the mass of 
residues was determined by drying at 110 ◦C for 24 h.

3. Results and discussion

3.1. Fly ash dissolution in diluted alkaline solutions

3.1.1. Stoichiometry of fly ashes dissolution
The Ca, Al, and Si released during the dissolution of 16 fly ashes in 

KOH solutions at pH 13.1 and 25 ◦C were monitored for more than 100d. 
The results of six fly ashes with various CaO wt% were plotted to show 
the stoichiometry of dissolution, i.e., the relative dissolution kinetics of 
different elements (Fig. 1). These six fly ashes (two ashes each of low, 
medium, and high CaO content) were also used in the following sections 
to investigate the effects of solution chemistry. The results of the other 
ten fly ashes are available in the Supporting Information and show 
similar behavior. Ca was the fastest dissolving species for most fly ashes, 
with 42–64 % of the Ca content released in the first day of dissolution. 
Ca is a known network modifier in the structure of fly ash glasses [24]. 
Its bonding within the framework of glasses is weaker than network 
formers such as Si and Al [25]. Si was the slowest dissolving species for 
all fly ashes, with approximately 10 % of the Si released from class C fly 
ashes and almost no Si released from class F fly ashes in the first day of 
dissolution.

The most significant difference among the fly ashes was in the 
dissolution of Al. For class C fly ashes C6 (28.24 % CaO) and C1 (19.91 % 
CaO), Al dissolution was significantly faster than Si. In contrast, Al 
dissolution was similar to that of Si for class F fly ashes with lower CaO 
contents such as F1 (5.38 % CaO) and F4 (1.72 % CaO). The higher CaO 
content class F fly ashes, F2 (11.89 % CaO) and F7 (7.37 % CaO), showed 
intermediate behavior, with Al dissolution slightly faster than Si disso
lution. These observations likely suggested that either high calcium 
content in class C fly ashes led to the preferential dissolution of Al over 
Si, potentially by affecting the role of Al, shifting its function between 
network former and network modifier, or class C fly ashes are mixtures 
of fast-dissolving Ca + Al-rich phases and slow-dissolving Si-rich phases, 
which are consistent with observations in previous studies that groups of 
glass particles with varying compositions including silicates, calcium 
silicates, low Ca aluminosilicates, and high Ca aluminosilicates present 
in fly ash [26,27]. Low Ca class F fly ashes featured congruent Al and Si 

dissolution (Fig. 1), with steady dissolution of Si + Al-rich phases. The 
high-Ca class F fly ashes were a mixture of these two characteristics.

A previous study testing the dissolution of synthetic glass fly ash 
analogs in pH 13 KOH solutions reported similar preferential dissolution 
of Ca and congruent dissolution of Al and Si for glasses with CaO wt% of 
15.0 and 20.0 [13]. This observation means that preferential dissolution 
of Al did not occur even for CaO >18 %, which differs from the obser
vation in the current study. We suggest that the preferential dissolution 
of Al observed in most of the class C fly ashes in this current study could 
be related to greater incorporation of Al into Ca-rich and thus fast- 
dissolving glass content in the fly ash, leading to faster dissolution of 
Al than other components in the fly ash. It has been reported that par
ticles with CaO >70 % are completely dissolved within 15 min in KOH 
solutions of pH 13.4 [28]. Thus, the dissolution of these Ca-rich glass 
contents cannot be simulated using a glass with homogenous CaO con
tent equal to the average CaO content of the fly ash. Our observations 
demonstrate the challenges and limitations of using synthetic, and 
simplified glass phases, to represent the complex fly ash system.

The longer-term dissolution rate was found to be more congruent, as 
shown by the parallel curves of Al and Si for C1, F2, and F7. For C6, the 
dissolved Si fraction reached similar levels as the dissolved Al fraction, 
likely due to the consumption of reactive Al2O3 and the relative abun
dance of reactive SiO2 content.

3.1.2. Effects of Ca, Al, and Si ions in solution on fly ash dissolution
The Ca, Al, and Si released during dissolution in our batch systems 

can affect the dissolution rates and extents. To elucidate their impact in 
our system, dissolution of Si in solutions with additions of 0.25 mM Ca, 
2 mM Al, or 0.25 mM Si were compared to dissolution in the original 
alkaline solution. These added ion concentrations are the maximum that 
would not lead to precipitation based on PHREEQC calculations. The 
saturation indices are provided in the supporting information. The 
variation in dissolution rates resulting from the addition of each ion is 
shown relative to the original solution in Fig. 2. With the addition of Ca 
(Fig. 2A), the Si dissolution rates of the class C fly ashes (C1 and C6) 
were not significantly changed, but the class F fly ashes dissolved slower, 
with the reduction more evident for lower CaO content ashes. Re
ductions in dissolution persisted over the long term with F1 and F7 
dissolving 30 % slower and F4 dissolving 50 % slower between 50 and 
150 d.

Similarly, the addition of Al had no significant impact on the class C 
fly ashes (Fig. 2B), but dissolution for F2 and F7 was significantly 
reduced, with 20–50 % drop in dissolution than without the Al addition 
at early ages, and an average ~ 10–20 % lower over the long term. For 
F1 and F4, the inhibition effect was even more evident. Although the 
effect weakened over the long term, as much as 45–65 % reduction in 
silica was observed at early ages, with a 20–30 % reduction persisting up 
until 150d.

Increased Si (Fig. 2C) produced slight reductions in dissolution rate 
that increased in magnitude relative to the CaO content of the ashes, 
with the dissolution rate of the lowest CaO content fly ash, F4, largely 
unaffected, but an approximate 15 % reduction in dissolution observed 
for F1, F2, and F7. Dissolution of class C ashes C1 and C6 were signifi
cantly slowed, with a 20–30 % reduction across all ages. The fluctuation 
of the variation and the reduction in the ion effects after the early stage 
could be due to the heterogeneity of fly ash composition. Different fly 
ash particles could affect the dissolution at different stages, and could be 
affected by the ions differently. Further studies with detailed charac
terization of compositions are needed for a more accurate assessment.

In general, as more dissolution occurs and dissolved ion concentra
tions increase the ion activity product, Q, values (Eq. 1) will increase and 
dissolution rates will decrease (assuming no precipitation is occurring). 
One of the potential effects of adding extra Ca, Al, and Si ions is similarly 
increasing Q, which will cause reductions in the dissolution rates if the 
systems are near equilibrium. However, less than ±10 % variations in 
the dissolution rates of class C fly ashes with the addition of Ca and Al, as 
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well as the nonsignificant impact of Si on F4 dissolution, indicates that 
these systems are far from equilibrium, so changes in chemical affinity of 
dissolution did not affect the dissolution rates. The observed inhibition 
effects were ion-specific and also fly ash specific, but did appear to 
correlate with total calcium content of the fly ashes.

Al inhibition has been observed in previous studies of aluminosili
cate glasses and minerals, and suggests that the dissolution of alumi
nosilicate is controlled by the dissolution of reactive Si surface sites, 
which form by the detachment of Al [29,30]. While Si has no ion-specific 
effect on Si surface sites, the addition of Al led to the reattachment of Al 
and decreased the equilibrium fraction of reactive Si sites on particle 
surfaces [31]. This mechanism is consistent with the aluminosilicate 
phase dissolution behavior dominating the dissolution of class F fly 
ashes (Fig. 1E and F) and leading to inhibition of Si dissolution by 
increased Al in solution in class F fly ash (Fig. 2B). The observed Ca 
effect likely indicated that the fraction of reactive Si surface sites on class 
F fly ashes was decreased not only by Al but also by Ca (Fig. 2A). Based 
on the observed absence of Al dissolution inhibition in our class C fly 
ashes (Fig. 2B) and this explanation, dissolution of reactive Si surface 
sites does not appear to be the rate-controlling step in the dissolution of 
class C fly ashes. Another type of rate-controlling site may form after the 
initial dissolution of class C fly ashes, resulting in complexation with Si 

rather than Ca or Al, and explains the Si effect observed (Fig. 2C).
A previous study reported inhibition effects of Ca and Al and the 

absence of an effect of Si in the dissolution of synthetic glasses simu
lating fly ashes with 15 to 20 wt% CaO content while only Ca inhibition 
was observed on the Ca + Si-rich glasses simulating blast-furnace slag 
[13]. It was suggested that the dissolution of the fly ash glasses was 
controlled by the Si–O bonds, which were affected by Al in solution, 
and slag glass dissolution was controlled by Ca–O bonds, where Al had 
no effect [13]. These results were consistent with the observations on 
class F fly ashes in the current study, but different from the Si inhibition 
observed on class C fly ashes (Fig. 2C). As discussed in section 3.1.1, the 
CaO content of fast-dissolving phases in class C fly ashes could be much 
higher than the average CaO content of the ash. Thus, the single-phase 
synthetic glasses with 20.0 wt% CaO content may dissolve differently 
compared to class C fly ashes with an average CaO content of 20 %, 
explaining why Ca and Al inhibition instead of Si inhibition were 
observed in the previous study [13]. We suggest that the explanation 
based on Ca–O or Si–O bonds is consistent with the mechanism of 
reactive surface sites described above, where Si surface sites could be 
Si–O bonds. The absence of Si inhibition in the slag glasses observed in 
the previous study suggests that Ca–O bonds were not affected by Si in 
the solution. Considering that Si in the solution has no ion-specific effect 

Fig. 2. The changes in Si dissolution rates of fly ashes with the addition of (A) 0.25 mM Ca, (B) 2 mM Al, and (C) 0.25 mM Si. Negative variation indicates reduction 
of dissolved Si concentration by percentage compared to the dissolved Si concentration without addition of salts. Based on the 10 % variability for dissolved ion 
concentrations of duplicate samples, variations in dissolution rate > 18 % can be considered as significant changes.
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on Si surface sites [31], Al surface sites seem to be the only remaining 
option. Thus, we propose that Al surface sites are affected by Si in so
lution and the dissolution of Ca + Al-rich phases in class C fly ashes is 
controlled by Al–O bonds. As a summary, based on the different 
congruence of dissolution and ion effects observed in literature on 
synthetic glass and the class C fly ashes in this study, we suggest that fly 
ash particles with 20 % or less CaO content dissolve congruently with an 
inhibition effect from Ca and Al. Due to heterogeneity in composition, 
the dissolution of class C fly ash differs from the synthetic glasses with a 
similar average CaO contents. The high Ca particles in class C ashes 
dominate early-stage dissolution and are inhibited by Si ions in solution 
instead of Ca or Al. Further studies using synthetic glasses with high CaO 
content are suggested for validation.

In concrete pore solution, Al and Si concentrations are ~0.1 mM [32] 
and will thus affect the dissolution of fly ash in concrete less than in the 
systems tested here. However, dissolved Ca concentrations are known to 
be initially in the order of 10 mM, although decreasing to 1 mM level 
after 10 days [32]. Such high Ca concentrations will likely lead to the 
slowing of reactions of class F fly ashes. The diluted solutions used in the 
current dissolution tests are different from the pore solutions of con
crete, but we believe the main difference will be chemical affinity and 
diffusion barriers formed by precipitations. The effects of aqueous spe
cies are likely due to surface adsorption and thus should apply to various 
conditions, similar to as is true for rate constants and activation energies 
(see Eq. 1). Future studies using simulated pore solutions will be needed 
for strict proof.

3.1.3. Effects of temperature on fly ash dissolution
Fig. 3 shows the dissolution of C1 at 25, 40, and 60 ◦C. The results of 

F1 are provided in the supporting information, which show similarly 
increased dissolution at higher temperature. Because the dissolution 
rates varied with time, the shrinking core model, shown in eq. 3: 

kt
R0

= 1 − (1 − α)1/3 (3) 

where α is dissolved fraction (the ratio between dissolved Si and total Si 
content in fly ash), R0 is the initial particle radius, k is a reaction rate 
constant dependent on solubility and interfacial kinetics and t is time, 
was applied to consider the reduction of surface areas due to the con
sumption of fly ash particles during dissolution (Fig. 3D).

For a surface reaction-controlled system, the term describing the 
relative completion of the reaction (1-(1-α)1/3) should increase linearly 
with time, and larger slope indicates faster dissolution of the particles 
[22]. Approximately linear relationships were observed for both C1 and 
F1, but at different stages with different slopes, likely due to the pres
ence of differing glass phases with different dissolution rates present in 
each ash. Similar observations have been reported in a previous study on 
three low calcium class F fly ashes, where the dissolution was modeled in 
two stages: 0–28 days, where reactions were dominated by aluminosil
icates; and > 28 days where stable long-term reactions were dominated 
by silicates [33].

Activation energies of the initial stage (α = 0–0.2) and long-term 

Fig. 3. The dissolved fraction of (A) Ca, (B) Al, (C) Si for C1 at 25, 40, and 60 ◦C. (D) 1-(1-α)1/3 vs time. α is the dissolved fraction of Si at 25 ◦C. The solid lines in 4D 
are linear fittings of data at different stages. The error bars show the ~ ± 10 % variability measured for selected replicate samples.
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stage (α > 0.2) dissolution are shown in Fig. 4. The activation energies 
observed (56–98 kJ/mol) matched with the reported values of 67–92 
kJ/mol for the dissolution of silicate minerals and glasses [34–36]. Re
sults showed increasing activation energies for class C fly ashes and 
decreasing activation energies for class F fly ashes from initial stage to 
the long term, consistent with greater early age reactions in class C fly 
ashes and more sustained reactions of class F fly ashes over time.

3.1.4. pH dependency
Besides the dissolution at pH 13.1, a higher pH 13.8 and a lower pH 

12.4 were also tested to understand the impact of varying pH on 
dissolution rates. The dissolution rates were proportional to (aOH− )

n, 
where n is the pH dependency. Higher pH dependency indicates that 
dissolution rates are more sensitive to the changes in pH. The expo
nential factors, n, for the fly ashes were found to be between 0 and 0.1 at 
early stages (up to 5 days), indicating an increase of 0–17 % in disso
lution rates for pH changes from 12.4 to 13.1 (Fig. 5A). The n gradually 
increased to 0.2 to 0.4 indicating 38–90 % increases with increasing pH. 
pH dependency ranged from 0 to 0.2 when pH increased from 13.1 to 
13.8, indicating up to a 38 % increase in dissolution rates (Fig. 5B). pH 
sensitivity was low in both the low and high pH conditions found in 
concrete pore solutions, suggesting that variances in pH will not 
significantly affect overall fly ash dissolution.

In comparison with the fly ashes, quartz dissolution has a pH de
pendency of 0.3 to 0.5 [37,38], while a pH dependency of 0.4 ± 0.1 has 
been reported for aluminosilicate glasses at pH 9–12 [39]. In both pH 
ranges tested fly ash was less sensitive to changes in pH compared to 
quartz and previously evaluated aluminosilicate glasses, likely due to 
the higher pH, but more relevant to cementitious solutions, conditions 
used. Dissolution can become insensitive to high pH due to saturation of 
OH− adsorption [40]. Considering such a weak pH effect, pH variances 
will not lead to large differences in overall dissolution rates of fly ashes, 
unless the available alkali content in the fly ash is high enough to 
significantly alter the system pH or the quantity of fly ash used to 
displace cement reaches a high enough level to significantly reduce the 
contribution of cement dissolution to pH development. For concrete 
with pore solution pH as high as 13.8, no differences in pH are expected 
based on the Na2Oe content of the evaluated ashes (Table 1).

3.1.5. Na vs K
Dissolution in NaOH solutions was also tested to evaluate the impact 

of different alkali ions in solution on fly ash dissolution (Fig. 6A). 
Compared to the KOH system used in the previously discussed data, 
NaOH enhanced the dissolution of class F fly ashes F1 and F4. The 

enhancing effect was most significant in the initial stage of dissolution 
(up to 14 days) with an 80 % increase in dissolution for F4 and 40 % for 
F1. The enhancement gradually reduced to 20 % over the long term. In 
contrast, the enhancing effect from NaOH was not evident for the higher 
Ca class F fly ash F2 (11.89 % CaO), and class C fly ash C1 (19.91 % 
CaO). The enhancement of dissolution likely resulted from increased 
facilitation of depolymerization of silica by Na compared to K [1]. It has 
been reported that Na activators at concentrations of 4 M and 8 M are 
more efficient than K activators in geopolymers, a notably more extreme 
system, but one in which dissolution also significantly affects the rates 
and extents of reaction [41]. Our results show that similar mechanisms 
can be applied to supplementary cementitious materials in cementitious 
systems: even in low concentrations (0.15 M), Na increases fly ash 
dissolution rates more than K. The absence of Na enhancement in class C 
fly ashes further supported that their dissolution was controlled by 
different reactive surface sites.

3.1.6. Ionic strengths and sulfate
The impact of other factors in the concrete pore solution that could 

potentially affect fly ash dissolution, including the ionic strength (IS) 
and anion type (sulfate, chloride as comparison), are shown in Fig. 6. To 
evaluate IS, dissolution was conducted in pH 12 solutions, minimizing 
background IS to as low as 0.01 M. The IS was then adjusted to 0.05, 
0.15, and 0.5 M using NaCl. The impact on the dissolution of C1 and F4 
is shown in Fig. 6B. The changes in dissolution rates were within ±10 % 
for all tests, indicating that IS does not significantly affect fly ash 
dissolution.

The effect of the anion type on fly ash dissolution was illustrated 
using a potassium sulfate solution (Fig. 5C). At pH 13.1, the dissolution 
in 405 mM K2SO4 was compared to that in 810 mM KCl, which contains 
a similar cation concentration. Variations in dissolution rates were 
overall very small, suggesting no significant difference occurred as a 
result of anion exposure. Please note that these tests were only con
ducted on selected ashes, and further studies are needed to confirm the 
applicability to other fly ashes.

3.2. Correlation between dissolution and chemical composition

The absolute concentrations of Si released during the dissolution of 
six fly ashes are shown in Fig. 7A. The results of other ten fly ashes are 
provided in the supporting information showing similar trend. The class 
C fly ashes had higher dissolved concentrations before 6 days, consistent 
with the higher dissolved fractions shown in Fig. 1, which can be related 
to the more abundant network modifier, Ca, in glass structure. After 16 

Fig. 4. Activation energy (kJ/mol) of fly ash dissolution.
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days, the dissolution of class C slowed down likely due to the con
sumption of reactive silica content and class F fly ashes had higher Si 
concentrations owing to more persistent dissolution. These results 
demonstrate that the fly ash dissolution transits from glass structure- 
controlled in initial stage to reactive content-limited in long term.

To compare the intrinsic reactivities of different fly ashes, the dis
solved Si concentrations were normalized to the surface area of each fly 
ash, determined using the sample particle size distribution and assuming 
spherical particles and a true density of 2.4 g/cm3 for all fly ash samples. 
The dissolution rates were further normalized to the fraction of 

Fig. 5. The pH dependency of fly ashes dissolution at (A) pH 12.4 to 13.1 and (B) pH 13.1 to 13.8. Based on the 10 % variability for dissolved ion concentrations of 
duplicate samples, the error range for pH dependency is ~ ± 0.09.

Fig. 6. The changes in dissolution rates induced by (A) replacing KOH with NaOH, (B) different ionic strength solutions, and (C) varying anion type using solutions 
of potassium sulfate in lieu of potassium chloride. Based on the 10 % variability for dissolved ion concentrations of duplicate samples, variations in dissolution rate >
18 % can be considered as significant changes.
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amorphous content (Table 1) and converted to fly ash dissolution con
stants by normalizing to the weight fraction of Si. Please note that the 
dissolution of crystalline phases is assumed to be minimal, which may 
cause certain deviations. The obtained dissolution constants were 
correlated to the NBO/T calculated using the oxide compositions of the 
amorphous content of each fly ash.

The dissolution rate at 8 h correlated well with NBO/T (Fig. 7B), with 
a R2 of 0.86. The two outliers from the group, C5 and F5, were ashes with 
CaO contents between 14.6 and 19.4 wt%. These intermediate CaO% fly 
ashes are likely a mixture of Ca + Al-rich phases and Si + Al-rich phases. 
At 8 h, the reaction was dominated by fast-dissolving Ca + Al-rich 
phases, elevating overall dissolution relative to total NBO/T content in 
the sample. The NBO/T determined based on the averaged elemental 
compositions of amorphous phases will underestimate the NBO/T of the 
actual reacting phases in this stage. The extents of this underestimation 
could depend on the specific glass component and may not be accurately 
predicted based on average glass composition. Without these two out
liers, the R2 increases to 0.96, supporting the link between the reactivity 
of fly ash glasses at early ages and their glass composition.

However, cumulative dissolved Si became less well-correlated to 
NBO/T over time, reaching zero or negative after 6 days and indicating 
no relationship exists between non-bridging oxygen per tetrahedra and 
longer-term dissolution of the fly ashes (Table 3). Following rapid initial 
dissolution of their Ca + Al-rich glasses, class C fly ashes contain less Si 
than the class F fly ashes, leading to decreased cumulative Si dissolution 
in class C ashes in the long term compared to in the class F ashes. Cor
relations did not improve considering the total dissolved Al or the sum of 
Al and Si, suggesting that the presence of network disturbers such as Ca, 

or alkali ions can only predict the higher reactivity of class C fly ashes in 
initial stages, and is not related to the long-term pozzolanic reactivity or 
dissolution of fly ashes.

3.3. Dissolution in undersaturated conditions and in R3 mixtures

To understand how fly ash dissolution in diluted alkaline solutions 
compares with fly ash dissolution in cementitious mixtures used for 
accelerated reactivity testing, the dissolved fractions of fly ash reacted in 
R3 pastes were determined using selective dissolution. R3 mixtures 
simulate the saturated, high pH conditions in cementitious mixtures 
without the inherent variability of portland cement and attempt to 
evaluate long-term reactivity of pozzolanic materials through use of 
elevated temperatures. At 25 ◦C, the dissolved fractions in R3 mixtures 
matched with those of our dilute KOH dissolution solutions throughout 
the 130-day testing period (Fig. 8), indicating that the high solid-to- 
solution ratios in R3 mixtures did not inhibit the dissolution of fly ash. 

Fig. 7. (A) The concentrations of dissolved Si for six fly ashes at 25 ◦C. The error ranges are approximately ±10 %. (B) The correlation between the dissolution rates 
based on the Si released after 8 h of dissolution and the NBO/T. An R2 of 0.86 was obtained with linear regression using all 16 samples. Without C5 and F5 (marked as 
outliners), the R2 increased to 0.96 for the remaining 14 samples.

Table 3 
Strength (R2) of the correlation between dissolved Si and Al and NBO/T.

Si Al Al + Si

0.33d 0.86 0.69 0.83
1d 0.84 0.66 0.80
3d 0.76 0.51 0.61
6d 0.47 0.31 0.18
10d 0.06 0.08 0.00
16d − 0.07 0.00 − 0.01
36d − 0.40 − 0.03 − 0.07
57d − 0.43 − 0.07 − 0.10
79d − 0.49 − 0.10 − 0.12
102d − 0.58 − 0.14 − 0.14
155d − 0.55 − 0.16 − 0.15

Fig. 8. The comparison between the dissolved fraction of F1 in pH 13.1 KOH 
solutions and in R3 mixtures.
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In contrast, at 40 and 60 ◦C, the dissolution of fly ash proceeded more 
slowly in R3 mixtures compared to that in diluted conditions, with the 
disparity worsening with increasing times and temperatures. In addi
tion, while the 40 and 60 ◦C dissolution tests reached >80 % total 
dissolution, dissolution of fly ash in the R3 pastes plateaued at approx
imately 50 %. At 25 ◦C in the R3 pastes, dissolution was not limited by 
the rate of diffusion of aqueous species across the diffusion barriers 
formed by precipitated phases. However, with elevated temperatures 
the overall kinetics of dissolution were retarded by the hydrates formed 
in R3 mixtures and shifted from a dissolution-controlled process to one 
limited by diffusion throughout the paste microstructure. This may 
suggest that use of higher temperature curing, in an attempt to accel
erate longer-term reactions, is changing the nature of reactions in the 
cementitious systems. As a result, measured reactivity of fly ashes in 
higher temperature systems likely underestimates the long-term overall 
reactivity of fly ashes in lower temperature environments as a result of, 
at least in part, the reduced overall dissolution of the fly ash particles.

4. Conclusions and perspective

From this work, the kinetics and influences of fly ash dissolution 
were evaluated. Class C ashes initially dissolve at faster rates than class F 
ashes, but this dominance is inverted at later ages (Table 3). After 
approximately 10 to 14 days, greater cumulative dissolution of Si will 
occur in class F systems, relative to class C, owing to the greater reactive 
Si content of the class F ashes. Si and Al dissolved at similar rates in low- 
Ca class F fly ashes suggesting the prevailing presence of aluminosilicate 
glass phases in class F ashes. In high Ca systems, dissolution of Al 
occurred preferentially over that of Si, suggesting the presence of fast- 
dissolving Ca + Al-rich glasses in class C ashes. Extents of preferential 
dissolution of Al relative to Si dissolution correlated with increasing Ca 
content. Class C fly ash dissolution slightly slowed with increased Si 
concentrations in solution, while the class F fly ashes were inhibited by 
Ca and Al ions in solution, and enhanced by Na compared to K. Varia
tions in ionic strength and solution anion type (sulfate vs. chloride ions) 
were not observed to significantly change the kinetics of fly ash disso
lution. Solution pH was shown to have little effect on fly ash dissolution, 
especially over the long term. The activation energies of dissolution 
increased for class C ashes and decreased for class F ashes between early 
and later stages of dissolution, reflecting known rapid reaction in class C 
fly ashes at early ages and greater long-term pozzolanic reaction in class 
F ashes.

The NBO/T was able to predict the relative rate of initial dissolution 
of the fly ashes, but the long-term reaction was likely limited by the 
reactive Al and Si content available in the fly ashes. At 25 ◦C, the 
dissolution in undersaturated and saturated conditions were similar, 
suggesting that the dissolution of fly ashes observed in the diluted so
lutions tested in this study may reflect what occurs in actual cementi
tious systems. At 40 and 60 ◦C, the reactions were slower in saturated 
(paste) conditions, likely due to diffusion barriers formed by hydrates 
different from those formed in more slowly reacting systems.

These findings reveal the varying dissolution behavior of class C and 
class F fly ashes and elucidate the impact of solution chemistry, tem
perature, and pH on fly ash dissolution. The knowledge obtained in
creases understanding of the relationship between the structure and 
composition of fly ashes and their early age reactions, controlled by 
dissolution kinetics. The dissolution rates, stoichiometry, activation 
energies, and effects of solution chemistry on the fly ash dissolution 
obtained here can be used to improve the kinetic database for modeling 
the hydration of blended cement binders. Additionally, observations 
herein indicate that dissolution could correlate with reactions in paste 
and dissolution behaviors could be used as input to accurately and 
simply predict fly ash’s early stage and long-term reactivities. In addi
tion, incongruence between total dissolution in the room temperature 
and 40 and 60 ◦C temperature systems suggests that use of higher 
temperatures to accelerate and quantify long-term reactions may 

underestimate the total reactivity of fly ashes used in cementitious 
mixtures.

In this study, we revealed the impact of temperature and chemical 
conditions on the dissolution of fly ashes. A major limitation is that the 
diluted solutions used for the dissolution test are different from the pore 
solution of concrete. The main difference could be that the concrete pore 
solution is saturated with respect to precipitation. Thus, the impact of 
precipitation on fly ash dissolution should be examined in the future. 
One effect of precipitations can be consumption of ions and continuous 
changes in the solution chemistry. The results on the ion-specific effects 
on dissolution reported here pave the pathway to accurately understand 
the influence of precipitation on fly ash dissolution.

We also demonstrated the transition between glass structure- 
controlled dissolution in the early stage to reactive content-limited 
dissolution in the long term. However, the pace of this transition 
could be different in saturated conditions due to the diffusion barriers 
formed by precipitation. Thus, the impact of precipitation should be 
addressed in future studies and combined with dissolution to fully un
derstand the reactions of fly ashes in cementitious materials.

Lastly, we explored the differences between fly ash dissolution in 
diluted conditions and reaction degree in pastes using R3 mixtures. Thus, 
another limitation is the potential differences between the R3 mixture 
and cementitious mixtures. Further studies using cementitious mixtures 
are needed to understand the role of dissolution to fly ash reactivity.
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