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Abstract We have leached fly ash samples from six
power stations in potassium hydroxide solutions at a water-
to-solid mass ratio of 40 g/g. A wet chemical method was
developed which provides for a detailed characterization of
the reactivity of fly ash. The leaching process could be
divided into three stages. In stage one, reaction progress
measured by the relative mass of fly ash reacted («) was
controlled by the rate of glass network dissolution while
very little gel formed (o < 0.1). In stage two, more gel
(mainly oxides of Fe, Ca, Mg, and Ti) formed on the glass
surface, and the rate of glass dissolution was limited by
diffusion (0.1 < o < 0.45). In stage three, zeolite crystal-
lized on top of the gel layer, and an aluminosilicate gel
formed in situ, while diffusion continued to control reac-
tion progress (o« > 0.45). The data were modeled using a
modified Jander equation and rate constants were calcu-
lated for each process. The rate constants for stage one
reflect an intrinsic glass property, chemical durability,
which increased linearly with increasing concentration of
network formers in the glass phase of a fly ash.

Introduction

Efforts have been made to explore the processes involved
in geopolymer product formation, as documented in several
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reviews [1-5]. Only a few authors have studied the pro-
cesses underlying fly ash reactivity in geopolymer systems
[6-12]. In contrast, there is extensive literature in fly ash
reactivity and reaction kinetics in fly ash/Portland cement
systems. As an example, in fly ash/Portland cement sys-
tems fly ash reactivity is measured by the rate of reaction of
fly ash with calcium hydroxide. Bumrongjaroen et al. [13]
published a summary of methods measuring reactivity of
fly ash in fly ash/Portland cement systems. Researchers
used conductometric techniques to monitor the depletion of
lime in solution as an indicator of reaction progress. The
assumption is that Ca®>" dominates conductivity [14]. Other
methods detect the amount of lime reacted by measuring
the release of heat and changes of mass. For example, the
lime concentration can be determined chemically by sol-
vent extraction and by thermogravimetry and differential
thermal analysis [15-18].

In a number of studies of geopolymer systems, reactivity
of fly ash and other pozzolanic materials has been evalu-
ated by measuring how much SiO,, Al,O3, CaO, and other
constituents have dissolved in alkaline solution at various
water-to-solid ratios, i.e., 1-2000 g/g [9, 19-25]. Pietersen
et al. [20] and Lee and van Deventer [22] conducted studies
on the time dependence of dissolution of fly ash at different
pH and temperatures. Published data quantify the mass of
fly ash dissolved, while little was reported about precipi-
tation and composition of gel and zeolite crystallization.
No kinetic analysis has been reported.

The objective of this article is to contribute to the
understanding of fly ash reactivity. We have developed a
procedure to quantify reactivity of fly ashes in alkaline
solutions. This procedure allows us to study fly ash dis-
solution and other processes individually at a higher water-
to-solid ratio than used in geopolymer pastes. We discuss
the significance of our findings for the process of
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geopolymerization. The relationship between the relative
mass of fly ash reacted and the compressive strength of a
geopolymer cement are presented in a separate article.

Materials and methods

Six type F fly ashes (low in calcium as defined in ASTM
C618) were investigated. The compositions were analyzed
by X-ray fluorescence spectroscopy (XRF) and the crys-
talline phases by X-ray diffraction (XRD). The loss on
ignition (LOI) was measured following ASTM D7348-08.
The mass fraction of glass was determined by difference.
The chemical composition of the glass phase was calcu-
lated by subtracting LOI and the composition of the crys-
talline phases from the overall composition. The fraction of
glass phase was also determined following the method by
Fernandez-Jiménez et al. [26], i.e., treatment of fly ash with
dilute hydrofluoric acid to dissolve the glass. We have
dried our fly ash samples at 105 °C instead of 1000 °C, as
prescribed in [26]. Some of our fly ashes had fairly high
contents of carbon, which upon heating to 1000 °C in air
would burn off and obscure the measurement of the glass
content. The mass fractions of the glass phase in the fly
ashes range between 69 and 80 wt% after subtraction of
LOI. Results are shown in Table 1. The mass fractions

determined indirectly by X-ray analysis agree very well
with those measured by dissolution. The main constituents
of the glass phase are SiO, and Al,Os.

Leaching experiments were conducted with 2.5 g fly ash
in KOH solution. The molarities of the alkaline solutions
were 1, 3, 5, 7.5, and 10 M, the reaction time was up to
14 days, temperatures were 20-75 °C. A water-to-fly-ash
mass ratio of W/S = 40 was used in all the experiments.
After leaching, the residue was filtered, washed, and then
put in absolute ethanol to stop further hydration of the glass
phase, then dried at 105 °C and weighed. The leachate was
analyzed by direct current plasma atomic emission spec-
troscopy (DCP-AES). The dried fly ash residue was then
immersed in diluted (1:20) HCI at room temperature for
3 h to dissolve reaction products on the glass surface. The
residue was filtered, washed, dried at 105 °C, and weighed.
Pristine fly ash samples treated with diluted HCI in this
way yielded a background loss of ~2 wt.

Measuring reactivity and reaction progress

Typically, the glass phase is the only reactive component
of fly ash in an alkaline solution. Reactivity depends on
glass composition and varies inversely with the chemical
durability of the glass. Reactivity depends on the molarity

Table 1 Composition of the

. Power plant BSI Wagner Brandon shores Headwater Newburgh Chalk point
glass and crystal phases in Abbreviated BSI WAN  BRS HW NEW CHP
pristine fly ash samples Constituents Weight percent

Glass
Al,O4 16.1 15.8 15.5 19.8 15.2 19.3
SiO, 463 435 443 439 41.6 43.8
Fe,03 34 44 2.8 4.2 5.0 9.4
CaO 1.0 1.1 1.0 1.4 33 1.0
MgO 0.7 0.7 0.6 0.9 0.9 0.8
BaO <0.1 <0.1 <0.1 0.1 0.1 0.1
K,O 25 2.4 22 2.6 22 2.5
Na,O <0.1 0.2 <0.1 0.4 0.5 <0.1
P,05 0.2 0.2 0.2 0.5 0.9 0.2
SO3 <0.1 0.8 0.5 1.2 1.3 0.9
SrO 0.1 0.1 <0.1 0.1 0.2 0.1
TiO, 1.9 1.8 2.1 1.5 1.4 1.6
Other® 0.2 0.3 0.2 0.4 0.4 0.3
Subtotal glass 724 712 69.5 77.0 72.8 80.0
LOI 12.6 10.3 13.7 9.6 5.4 33
Quartz 2.8 5.3 34 2.4 2.0 4.6
Mullite 12.2 13.2 134 73 13.4 8.8
Magnetite <0.1 <0.1 <0.1 3.7 6.4 33
* Comprises oxides of As, Cr, Total 100.0 100.0 100.0 100.0 100.0 100.0
Cu, Ga, Mn, Ni, Zn, Zr, and Particle size >45 pm (%)  30.6 37 32.8 26.8 182 77.7

rare-earth elements
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and kind of alkali (Li, Na, and K), on the water-to-solid-

ratio (W/S), temperature, and particle size. We apply

“reactivity” to fly ash in its entirety, not only to the glass

phase. Therefore, the reaction progress does not reach

100% in the presence of less reactive constituents.
Herein, we define reactivity by

de 1 dm,
- (1)

E o mo dt
and reaction progress by

at:Am—(t):mo—mt’ (2)
mo mo
where my is the initial mass of fly ash and m;, is the residual
mass at time ¢ after leaching in alkali hydroxide and
subsequent dissolution of reaction products with diluted
HCI. In this study we measure increments of mass loss and
characterize reactivity in terms of reaction progress. We
measured o, in two ways: directly by mass loss and
indirectly by solution analysis. If m is the mass of fly ash
initially and m/ is the residual mass after leaching in alkali
hydroxide solution, then the apparent relative mass loss o,
of the fly ash is
/
oy = T, (3)
mo

If the molarity of the alkali and the W/S ratio are
constant, then m, is only a function of temperature. Bearing
in mind that frequently a surface layer (gel) forms on the
glass surface, the leached fly ash samples were treated with
hydrochloric acid to dissolve the gel, which was counted as
reacted glass. The mass dissolved in acid originates from
reacted but undissolved glass, and potentially from
additional material, such as water, hydroxyl groups, and
alkali ions. Hence, if o in Eq. 3 is determined by a mass
loss measurement, m; must be corrected for the additional
material, J;, in the gel:

/
g(;corr:w:a;+i. (4)
mo mo

The mass fraction o coy can be measured directly by ana-
lyzing the alkaline leachate for all glass constituents and
recalculating them as oxides, provided the glass does not
contain a significant amount of the alkali metal of the
leachant. If 0/my < o), we obtain o corr ~ o), i.c., there
should not be a significant difference between the results
from solution analyses and mass loss measurements.

At higher reaction progress, crystals may form within or
on top of the gel layer. We treat such phases also as part of
the reacted glass because they may contain constituents,
which otherwise would not be accounted for. However, if
the crystals contain additionally constituents from the
leachant, i.e., the alkali ion, hydroxyl groups, and/or water,

@ Springer

this treatment may introduce an error. Let the relative mass
of gel and/or new crystals be f;:

/

’ ml — ny

f=" (5)
Here, m, is the mass after dissolution of all surface
precipitates in HCL. If f; is determined by mass loss
measurement, the correction ¢, (Eq. 4) must be applied to
obtain the fraction of fly ash converted into gel and
crystals:

/
/ 7mlimt7
ﬁrcorr*

0 0
el (6)
Like of cor, the mass fraction /3; corr Ccan be measured
directly by analyzing the solution for all constituents of the
dissolved gel and crystals and recalculating them as oxides.

If 6/my < B, we obtain f, con ~ f3;, i.€., there should
not be a significant difference between the results from
solution analyses and mass loss measurements. Finally, the
overall reaction progress o, is given by:
my — ny

(7)

A = a: corr + B; corr =
mo

Equation 7 shows that the reaction progress of a fly ash can

either be determined by solution analyses or by measuring

the residual mass after exposure of the leached fly ash to

HClL.

Results

Figure 1 shows the result of mass loss measurements on
HW fly ash (7.5 M KOH, 40 °C). The two uppermost
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Fig. 1 Relative mass loss of HW fly ash in 7.5 M KOH at 40 °C
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curves show reaction progress (Eq. 7), determined either
by mass loss measurement (solid line) or calculated based
on solution analyses (dotted line). The agreement of the
results is within the limits of the experimental errors. The
solid curve in the middle of the figure shows the relative
mass loss o, (Eq. 3). The dotted curve shows o] corr (Eq. 4),
which was calculated based on leachate analyses. Values of
o corr are slightly higher than respective values of o]
because they include the correction J, (Eq. 4). The relative
mass loss /3; (Eq. 5) is shown on the bottom (solid curve).
B was determined by measuring masses of fly ash samples
after dissolving the gel on the glass surface. The dotted
curve shows the respective relative mass loss ﬁ; corr (Eq. 6),
based on chemical analyses of the acid leachate. Equa-
tions 5 and 6 suggest that the dotted curve on the bottom of
Fig. 1 runs below the respective solid curve, whereas
Eqgs. 3 and 4 suggest that the dotted curve o] .o runs above
the respective solid curve. This is in agreement with the
experimental findings.

Figure 2a shows the effect of temperature on reaction
progress in 7.5 M KOH. This temperature dependence is
typical of all six fly ashes. At 60 and 75 °C reaction pro-
gress reaches its highest possible value after 2 weeks.
Figure 2b shows the reaction progress at different KOH
molarities at 75 °C. Reaction progress increases with
increasing OH™ molarity. Except in 1 M KOH solution, «
approaches values of 0.7-0.8, which correspond to
the mass fractions of glass in HW fly ash (Table 1). At
o, > 0.45, Moy > 3, and T > 35 °C, an additional phase,
Linde F zeolite (KAISiO4-1.5 H,0) appeared.

Figure 3 shows X-ray diffraction patterns of HW fly ash
leached in 7.5 M KOH solution at 50 °C. Mullite and quartz
are phases present in the pristine fly ash (¢ = 0). All fly ash
patterns in Fig. 6 show a halo between 20° < 20 < 35°,
indicating the presence of amorphous material, i.e., glass in
the pristine fly ash and glass and gel in leached samples. As
the reaction progress increases from zero to 0.66, an
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Fig. 3 Headwater fly ash, evolution of crystalline phases as a
function of reaction progress

additional crystalline phase (marked Z) appears. This phase
was identified as Linde F zeolite (KAlSiO4-1.5H,0, JCPDS
38-0216). The yield of zeolite increased strongly with
increasing reaction progress (compare o = 0.64 and 0.66
in Fig. 3). The pattern for o = 0.39 was measured with
increased sensitivity compared with the other patterns.
There was no evidence of zeolite yet. A more detailed XRD
study with all fly ashes at different leaching conditions
showed that: (a) Linde F zeolite was the only new phase, (b)
Linde F zeolite was observed at temperatures as low as
35 °C and o > 0.45, and (c) the KOH concentration had to
be >3 M for the zeolite to crystallize. Linde F zeolite was
not observed at 20 °C because the highest reaction progress
was 0.14 in 7.5 M KOH, far less than 0.45. The reaction rate
at 20 °C was very small.

Figure 4 shows a secondary electron image of leached
HW fly ash. Glass particles are covered with crystals. Inlay
(a) shows the morphology of Linde F zeolite crystals [27].
Inlay (b) shows the microstructure of partially leached
glass particles (backscattered electron image). Between a

Fig. 2 Reaction progress of 0.8

; . —*=75°C - 10OM®75M I R
HW fly ash,.a as a function of o (a) = ;‘;1:/__’_____-
temperature in 7.5 M KOH, b as - > P — A
a function of KOH molarity at ) /0/ A 00 e SM
75 °C & 06 ——
2 05 — / i
-]
= ) o ® -3M
én 04 / /‘ s 50 °C /% /
o . / ® //V
= —
S 03 i S O
~— M—
9
E 0.2 1M
0.1 / —— —
L,,.//r/ =0 °C T (b)
0
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350

Time (hrs)

@ Springer



594

J Mater Sci (2011) 46:590-597

Fig. 4 SEM micrograph of HW
fly ash particles after leaching in
7.5 M KOH solution at 75 °C
and 3 days (¢ = 0.62); inlay

a Linde F zeolite crystals, b gel
layers on glass

bright thin layer and the unreacted core is a darker gel
phase, which contains more SiO, and Al,O3 and much less
Fe,O5 than the outer layer.

Figure 5a shows the partitioning of SiO, and Al,O;
between the aqueous phase and the gel after leaching HW
fly ash in 7.5 M KOH at 40 °C. We show the partitioning
by plotting relative masses of oxides (g/g-fly ash) versus
reaction progress. Since practically no other glass constit-
uents were found in the leachate, the sum of SiO, and
Al,Oj3 is the total mass of glass dissolved (open circles).
The mass of SiO, and Al,O5; found in the gel layer is
relatively small but does not add up to the total mass of gel
(filled circles). Analysis of the dissolved gels showed that
Fe,03, and to a lesser extent CaO, MgO, and TiO,, make
up the difference. The overall finding of our analyses is that
80% of the reacted glass is dissolved and about 20% forms
gel, up to o, = 0.33.

Figure 5b shows mass fractions (g/g-fly ash) of SiO,
(open triangles) and Al,O5 (open squares) in 7.5 M KOH at
75 °C. Summation of SiO, and ALO; yielded o cor,
(Eq. 4), the relative mass loss of the fly ash after leaching.
Figure 5b also shows relative masses of SiO, (solid trian-
gles) and Al,O5 (solid squares) in the gel. Summing these
oxides together with other glass constituents (Fe,O3, CaO,
MgO, TiO,—not shown) yields ﬁ; corr> (Eq. 6), the relative
mass of reacted glass retained as gel. Summation of oc; corr
and B, cor yields a: the total reaction progress (Eq. 7). The
behavior of the major oxides was the same at 40 and 75 °C
as long as o, was <0.33. The contribution of gel to the total
reaction progress increased to almost 50% at higher o,
values, reaching 0.34 g/g-fly ash (f]con) compared with
0.38 g/g-fly ash dissolved (o] corr) at o, & 0.71. In com-
parison, the relative mass of gel f8, (Eq. 5) determined by
mass loss measurement was 0.654 g/g-fly ash at o, = 0.71.

Fig. 5 Relative masses of (a) (b)
major oxides in the leachate and 0.3 03
in the gel as functions of & Si0,(aq) o 07 55 $i0,(ag)
reaction progress (o) in 7.5 M 0.25 g SOXE)] * | —a— SiO,(gel)
KOH; a at 40 °C, b at 75 °C " -5 ALOL(aq) o) 0.6 7= AT O5(4q)
é 0.2 g ALO(gel) / 0.5 L AlQs(gel)
S 015 - 04 F T O E/Gu
"‘g ’ 7 at’con /A/ ’ —6— al,corr /9/ °
2 0.1 o Bn,wu 0.3 "8~ Bl’u)n’ /’A/E
= - 51 02 Za == -
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Thus, the J, value in Egs. 4 and 6 was 0.316 g/g-fly ash,
showing that §, is not negligible at o, > 0.33 (see
“Discussion”).

Discussion

Khawam and Flanagan [28] published a review of pro-
cesses, models, and rate laws governing solid-state reac-
tions. After testing various models, we adopted a rate
equation first published by Jander [29]:

[1-01-2)" =K1, (3)

where K, = I<2/r2 and k, has the dimensions of a diffusion
coefficient, i.e., K, is a time constant; r is the radius of a
sphere, ¢ is time and o is reaction progress. This rate
equation applies to a solid/liquid system if the reaction
takes place beneath a surface layer and the rate is con-
trolled by diffusion of species toward or away from the
reaction front.

Kondo et al. [30] have modified the Jander equation for
broader application by introducing the reaction grade N:

1= (1—0)P =Kyt 9)

or in linear form:
(10)

Equation 10 can be used to model consecutive and some-
times overlapping processes. Following Kondo et al. [30],
N has the following meaning:

1 1
In[1 — (1 —o)"/] :NInKN—i—Nlnt.

(1) N < 1: The process is controlled by a chemical
reaction at the surface or by dissolution of reactants or
precipitation of reaction products. This is the “geo-
metrical contracting sphere/cube model” derived by
Khawam and Flanagan [28].

(2) 1 < N < 2: The process is controlled by diffusion of
reactants through a porous layer of reaction products.
This is the diffusion model derived by Khawam and
Flanagan [28].

(3) N > 2: The process is controlled by diffusion of
reactants through a dense layer of reaction products.

Shi and Day [38] used Eq. 9 to model reactions of an
activator (Na,SO,4 and CaCl,) in a lime-pozzolan blend.
Dabic et al. [31] and Krstulovic and Dabic [32] modeled
cement hydration. Cabrera and Rojas [33] modeled
hydration of the metakolin-lime—water system.

Figure 6a shows plots of Eq. 10 fitted to reaction pro-
gress data for HW fly ash (7.5 M KOH, various tempera-
tures). The slopes of the straight lines are the inverse of the
reaction grade N. At 20 °C only one curve with a slope of
I/N =1 was obtained for data up to 14 days (filled
squares). At 40 °C, the data are best represented by two
curves. At low reaction progress the slope is I/N = 1, at
higher reaction progress it is 1/2, i.e., N = 2. At 50 °C a
second change in slope, i.e., a third reaction grade N > 2 is
indicated. At 60 and 75 °C, N = 1 is no longer seen.

Figure 6b shows reactivities for six fly ashes. Four fly
ashes are practically indistinguishable in terms of reactiv-
ity. NEW fly ash shows a slightly higher and CHP a lower
reactivity. For CHP the mechanism with N > 2 is absent.
In NEW the glass particles are smaller and in CHP larger
than in the other fly ashes (Table 1). This explains the
deviation from the other curves.

It is likely that the glass dissolution mechanism (N = 1)
is the same as that proposed for borosilicate nuclear waste
glasses in aqueous solutions, i.e., breaking of Si—~O-Si and/
or Si—O-Al bonds and release of Si(OH), and Al(OH);
species, where the rate-limiting step could be the detach-
ment of an —O-Si(OH); group [34]. Several authors have
shown that (SiO(OH)3)™ is the dominant species in solu-
tion at around pH = 11 and that the concentration of

Fig. 6 Analysis of reaction (a) (b)
kinetics of HW fly ash leached B — 0.5
in 7.5 M KOH; a at different +75°C  Ag0°C Nl All 75 °C N
: o o -1 >2
temperatures, b six fly ashes at 15 950 40°C
75 °C ’ /‘;( C ol s T
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(SiOg(OH)z)z_ increases with increasing pH [35, 36]. Sil-
icon and aluminum hydroxy complexes are the starting
species for geopolymerization [37—40].

Next we relate the reaction grades N to what happens at
the surface of the glass with increasing reaction progress.
Figure 7a shows the relative mass of gel (f;) and Fig. 7b
shows the relative mass of glass apparently dissolved (o],
Eq. 1) as a function of reaction progress. We identify three
stages in Fig. 7, and relate them to reaction grades. When
o, is small, the gel layer is thin (0.1 pm) and does not
constitute a transport barrier. Glass network dissolution is
rate limiting (N = 1). With increasing reaction progress
more gel is generated. The thin layer remains in place,
while a Si—Al-rich gel forms beneath (Fig. 4, inlay b). For
glass to dissolve, OH™ and H,O must be transported to the
surface. Evidently, diffusion controls glass dissolution
(N = 2). This is the case until ,B; reaches a value of about
0.2 g/g-fly ash at a reaction progress of o, ~ 0.45. The
beginning of the relatively steep increase of 8 at o, &~ 0.45
coincides with the change of the slope in Fig. 7a and b, and
a change of the reaction grade to N > 2. Zeolite crystalli-
zation begins at o, & 0.45. It appears that the formation of
a crust of zeolite on top of the gel layer (Fig. 4) affects the
kinetics but does not shut down glass dissolution.

Crystallization of zeolite (Fig. 3) has a large impact on
the mass o, (Eq. 4). There is a linear increase in the relative
mass of fly ash actually dissolved up to o, & 0.45, followed
by an apparent linear decrease to almost zero (Fig. 7b),
though in reality o, is increasing. The onset of the decrease
is caused by zeolite precipitation. J, increases abruptly at
o, & 0.45 because species not coming directly or not at all
from the glass are imported into the surface layer.

Ky values (Eq. 9) were calculated for all fly ashes at
50 °C. Glass dissolution (K;) was rate controlling for less
than 10 h, except for CHP (72 h). K; characterizes the
chemical durability of the glass and varies inversely with
its content of network formers.

@ Springer

Reaction progress (o)

K, depends on temperature with an activation energy of
102 kJ/mol for HW and BSI, which is slightly higher than
the values reported by Strachan [41] for nuclear waste
glasses (70-90 kJ/mol) but is in good agreement with the
value of 100 kJ/mol reported by Barkatt et al. [42]. Ky
values were also calculated for the diffusion process. K,
has lower activation energy than glass network dissolution.
The values are 66 and 60 kJ/mol for HW and BSI fly
ash, respectively. These values fall in the range of 41.8—
83.7 kJ/mol measured for various glasses [43]. K, increa-
ses with increasing OH™ molarity at 75 °C (HW). Obvi-
ously, more OH™ is transported through the gel layer to the
glass surface if more OH™ is available in solution. The
dependence of K, on the OH™ molarity suggests that OH™
is the species limiting the rate at which the remaining glass
reacts. An increase in the molarity of KOH by a factor of
10 increases K, by a factor of 3.

At W/S = 40, the glass phases of six fly ashes reacted
almost completely within 2 weeks, except at 20 °C.
Because of the high water content, the mixture remains
slurry. The general reaction pattern is dissolution, gel for-
mation, and zeolite precipitation as soon as the concen-
trations of SiO, and Al,O; reach 0.1 and 0.05 M,
respectively. This is the case at &, &~ 0.45. The molar Al/Si
ratio in Linde F zeolite is 1. Condensation of Si and Al
species precedes zeolite formation, i.e., formation of
enough Si—Al oligomers with a ratio of Al/Si ~ 1 is
necessary. Condensation processes in alkaline solutions
depend on the Al/Si molar ratio [39, 40]. Murayama et al.
[44] reported that Si and Al species formed aluminosilicate
gel followed by zeolite crystallization at high W/S.

Formation of a solid geopolymer typically occurs at
lower W/S ratios such as 0.2-0.4. Decreasing the W/S ratio
does not change the chemistry of the system dramatically,
if the other variables are kept constant. Results to be
reported in detail in a subsequent article show that glass
dissolution is relatively small at W/S =~ 0.35 as reaction

~
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progress is limited due to shortage of water. Chemical
attack of the glass network is better described by alteration
of the structure and composition of the glass, i.e., direct
conversion of glass into gel, rather than dissolution, par-
ticularly at higher reaction progress during hardening. For
example, at W/S =~ 0.35, the amount of gel formed at a
reaction progress of o, = 0.2 (75 °C, 7.5 M KOH) is the
same as that at W/S = 40 at o, = 0.6 with 8, ~ 0.4 g/g-fly
ash. The onset of massive gel production at W/S =~ 0.35
starts at o, < 0.1, whereas for W/S = 40, not before
o, > 0.45. At o, < 0.3 (W/S = 0.35), the geopolymer
solid has practically no mechanical strength. At o, ~ 0.35,
the reaction grade changes from N = 2 to N > 2. Further
increase of o; is small but is accompanied by a large
increase in compressive strength.

Conclusions

We have developed a wet chemical method, which pro-
vides for a characterization of the kinetics of the reactivity
of fly ash. We used the modified Jander equation to model
the data. Three consecutive processes control reaction
progress at W/S = 40: (1) A first order dissolution reaction
which was accompanied by formation of a thin non-pro-
tective gel layer (x <0.1), (2) Transport (diffusion)
through a thicker surface layer (mainly a gel of oxides of
Fe, Ca, Mg, and Ti; 0.1 < « < 0.45), (3) Diffusive trans-
port through a crust of zeolite, which formed on top of the
gel layer (a > 0.45). Rate constants were calculated for
each process. The rate constant of the first process
increased linearly with increasing concentration of network
formers in the glass phase reflecting an intrinsic glass
property: chemical durability. The rate constant of the
second process increased with increasing OH- concentra-
tion suggesting that OH— may be the rate-limiting species.
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