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Kinetics of Reaction of Calcium Hydroxide and Fly Ash

by Joseph J. Biernacki, P. Jason Williams, and Paul E. Stutzman

The alkali activated reaction kinetics of a Type-F fly ash with cal-
cium hydroxide (CH) and water has been investigated at tempera-
tures between 25 and 60 C. Thermogravimetric analysis (TGA)
was used to determine CH consumption and production of
hydrates (nonevaporable water) as a function of hydration temper-
ature and time for various CH/fly ash ratios. The results indicate
that the reaction rate, reaction stoichiometry, and activation
energy are dependent on the CH/ash ratio. The reaction rate was
also found to be a function of the extent of reaction of both CH and
fly ash phases. Various kinetic models were considered including
those proposed by Knudsen and Avrami. These, however, were
found to have limited applicability. A model is suggested that pro-
vides a broader fit to the observed data.
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RESEARCH SIGNIFICANCE

The use of waste materials in portland cement concrete is
increasing as mounting environmental concerns focus on ac-
cumulating stockpiles of industrial by-products. These waste
materials include fly ash from coal combustion and slag
from blast-furnace operation, and have the potential for be-
ing a major constituent of high-quality concrete. Incorporat-
ing such materials into concrete, however, presents several
technical challenges; not all waste streams are the same,
chemically or physically, and the effect of these materials on
cement hydration and the way they participate in the hydra-
tion process is not fully understood.

Developments in the past 10 years on the modeling of ce-
ment hydration has led to microstructural models based on
cellular automata that have been shown to mimic real port-
land cement systems. 1 More recently, Bentz and Remond?
have incorporated fly ash phases into these models. In an ef-
fort to better understand the effects of blending components
such as fly ash and other waste materials, it is necessary to
develop accurate kinetic descriptions and parameters that re-
flect the interaction between such materials, portland ce-
ment, and possibly aggregate and external species such as
sulfate, alkali, and carbonate. In the present work, a model
system is used to study the reactlon between a Class F fly ash
and calcium hydroxide (CH) in an effort to elucidate kinetic
features of this reaction and to extract a reasonable activation
energy for the apparent hydration process.

LITERATURE REVIEW
Existing microstructural models represent cement hydration
as a complex series-parallel network of chemical reactions.!
Presently, cellular automata-based models scale the rates of
reactions according to a single kinetic parameter, an activation
energy of 80,000 J/mol, which is based on the pozzolanic re-

“Cement chemist’s notation is used as shorthand for chemical formulas as follows:
Ca(OH), = CH, SiO, = S, CaO = C, Al;03 = A, Fe;03=F, H)0=H, S =803 and C
=CO0,.
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action of silica fume—for example, the reaction of S with CH
and water.>* The present study focuses on accurate measure-
ment of the activation energy of the ash-CH reaction.

There is an extensive body of information in the literature
concerning fly ash. Among these are Helmuth’s® 1987 com-
prehensive review and annual reviews appearing in Cements
Research Progress under “Blended and Modified Ce-
ments.”® A number of i investigators have reported the appar-
ent effect of fly ash on portland cement hydration by
observing heat evolution. Ma et al.’ report calorimetric re-
sults for 17% ash blended portland cement at temperatures
ranging between 10 and 55 C. In their study the ash used con-
tained 3.53% CaO. The results illustrate the classic effect of
Class F fly ash to retard hydration. Their results, however, also
indicate that heat liberation is retarded more at higher temper-
atures. Takemoto and Uchikawa observed that early ge hy-
dration could be retarded while later stages accelerated.® Such
changes in the dormant stage as well as the rate of reaction
during Stage I1I hydratlon have been reported by other inves-
tigators with varying results.? Various studies offer insights
into complex behaviors such as combined acceleration and
retardation. Yamazaki has shown that fine particles such as
fly ash can actually promote hydration by physical means.
The addition of fine particles open the floc structure provid-
ing more space for precipitation of clinker hydrate products
and thus tend to accelerate hydration. This accelerating ef-
fect may compete with other mechanisms that have been
shown or are suggested as possible retarding influences.
Three primary theories have been proposed to explain the
observed effect of fly ash on reaction rates.

1. Fine particles promote nucleation and growth of various
phases including CH and ettringite. This promotes C-S-H
formation and stimulates reaction rates;

2. Fly ash may contain water soluble organic species that
inhibit CH precipitation and so inhibit the onset of Stage III
hydration;“”11 and

3. Aluminate rich fly ash phases consume Ca** to form
AFt phases during early ages, thereby retarding the forma-
tion of Ca rich surface layers on clinker phases that are nec-
essary to initiate Stage III hydration.]2

These three theories most likely are not independent. The
dominant mechanism is not known, yet some evidence exists
to suggest that Theory (2), organic inhibition, is less likely
than Theory (3) as an explanation for mh1b1t10n of Stage
IIT hydration. Fajun, Grutzeck, and Roy report that wa-
ter washed fly ashes are not as retarding, yet they appear
to suppress the rate of reaction to, varying extents. One
strongly retarding Class F ash was shown to inhibit onset of

ACI Materials Journal, V. 98, No. 4, July-August 2001.

MS No. (0)-244 received October 16, 2000, and reviewed under Institute publication
policies. Copyright © 2001, American Concrete Institute. All rights reserved, includ-
ing the making of copies unless permission is obtained from the copyright proprietors.
Pertinent discussion will be published in the May-June 2002 ACI Materials Journal if
received by February 1, 2002.

ACI Materials Journal/July-August 2001



ACI member Joseph J. Biernacki is Associate Professor at Tennessee Technological
University, Cookeville, Tenn. He received his BS from Case Western Reserve Univer-
sity, Cleveland, Ohio, in 1980, and his MS and DEng from Cleveland State University,
Cleveland, Ohio, in 1983 and 1988, respectively. He is the current chair of ACI
Committee 231, Properties of Concrete at Early Ages. His research interests include
materials synthesis and processing.

P. Jason Williams is a graduate research assistant for the Center for the Manage-
ment, Utilization, and Protection of Water Resources at Tennessee Technological Uni-
versity. He received his BS in chemical engineering from Tennessee Technological
University in 1999 and is currently pursuing his MS in chemical engineering in the
Cements Research Group.

Paul E. Stutzman operates the Building and Fire Research Laboratory’s microstruc-
ture laboratory at the National Institute of Standards and Technology in Gaithersburg,
Md. His research interests include the microstructural and chemical characterization
of cement clinker, cement paste, cement paste/aggregate interfacial regions, high-per-
formance concrete, concrete, and mortar.

Stage III hydration nominally by 4 h. After water washing,
the same ash inhibited onset by approximately 2 h. For a
Class C ash, washing had virtually no effect on inhibition,
but diminished the maximum rate of heat evolution by a factor
of two. Wash water leachate from the washing process was
found to have virtually no effect on cement hydration. They
suggest that surface aluminate phases responsible for influ-
encing early age rates of hydration and retardation are mod-
ified by the washing process. Furthermore, one may also
suggest that their result demonstrates that soluble organic
species—inhibitors—are not responsible for inhibition, or
else leachates should inhibit hydration. Their study also sug-
gests that ash either inhibits Ca** production or consumes
Ca** produced at an early age. They propose that Ca*™ con-
sumption by active aluminates in the ash reduce the buildup
of Ca rich layers on clinker particles, which are necessary to
initiate Stage III hydration, thereby resulting in retardation.

Ogawa et al.!* offer a detailed microstructural blueprint of
the hydration process involving C5S and fly ash. Their model
describes calcium silicate hydrate (C-S-H) formation reactions
that occur at the surface of the ash with sequential buildup and
rupture of surface layers due to osmotic forces established
across the growing hydrate layers. They postulate that more
rapidly diffusing aluminates escape the particle and precipitate
away from the ash surface. More recently, Shi'>16 and Katz!”
offer similar microstructural details for the CH/fly ash system.

The most obvious effect of pozzolanic materials is the re-
duction of CH content, as observed at long curing times. A
number of authors have observed the pozzolanic reaction of
fly ash in the presence of portland cement by monitoring the
CH content as a function of time.'8 Taylor reports that the
Ca/Si ratio for the C;S-fly ash reaction is approximately 1.4
in mature samples.r1 At early ages, however, Helmuth® re-
ports that for portland cement-fly ash mixtures, the early
pozzolanic reaction does not reduce the amount of calcium
hydroxide, but instead reduces the Ca-Si ratio of the calcium
silicate hydrate. Prior studies have also focused on the use of
the pozzolanic activity index (PAI) with lime test method,
ASTM C 311.2° This method infers pozzolanic activity
through strength measurements for hydrated lime/fly ash
mixtures. Numerous investigators have used this or similar
methods as a basis for evaluating the reactivity of ﬂY ashes,
but none infer an activation energy from their data21-%4

PROCEDURES AND MATERIALS
Reaction of ash with calcium hydroxide
Fly ash was reacted with CH and water at nominal CH/ash
mass ratios of 75/25, 50/50, 25/75, and 12.5/87.5 for 1, 2, 5,
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and 16 d at 25, 40, 50, and 60 C, respectively, to establish
early age hydration rates. Pastes containing the desired ratio
of solids were prepared by combining 50 g of the solid com-
ponents with 40 mL of pH 13.4 NaOH solution to yield a 0.8
liquid-to-solids ratio. A solution pH of 13.4 was selected
based on the report by Fraay, Bijin, and Haan,? which sug-
gests that the pozzolanic reaction does not proceed at an ap-
preciable rate below an initial pH of 13.2. Samples were
mixed by hand at room temperature until the paste was
smooth, free of clumps, and visibly homogeneous. A 60 mL
syringe was filled with the paste and one dram glass jars with
twist on lids were filled nearly to the top by expelling paste
through the syringe. Lids were tightly sealed to prevent water
or air exchange and the samples were placed in temperature
controlled water baths at their respective temperatures.

Stopping hydration

The standard procedure outlined by Hobbs,?® Section B,
was used to displace water and dry samples. Hydrated sam-
ples were crushed into fragments ranging in size from indi-
vidual ash and CH grains to agglomerates of nominally 1 mm.
The crushed material was slurried with roughly 50 mL of an-
hydrous methanol and immediately filtered. An additional
50 mL of methanol was passed through the resulting cake.
The cake was then dried at 105 C overnight.

Raw materials

A single source of fly designated as 9703 was obtained
from the American Coal Ash Association (ACAA).* Chem-
ical analysis is provided by ACAA and is tabulated in Table
1. Additional physical properties were determined includ-
ing specific surface area and particle size distribution. Sur-
face area analyses were performed by the National Institute
of Standards and Technology (NIST) Powder Characteriza-
tion Laboratory in the NIST Ceramics Division using an au-
tomated BET gas absorption system27 (Table 1). Particle
size distributions were estimated using a particle settling
technique and were also done by the NIST Powder Character-
ization Laboratory.27 The results are summarized in Table 2.

Chemical reagents—Reagent Grade NaOH and CH (Mal-
lenckrodt AR) were used in all cases. The particle size distri-
bution for the CH was also determined using a laser light
scattering particle size analyzer. The data are listed in Table
2. As-received CH was characterized by thermolgravimetric
analysis (TGA). The powder was found to contain approxi-
mately 1% H,O that is completely volatilized by 200 C and
small amounts of carbonate (1.99%).

Reaction rates

Material balances were used to determine the amount of non-
evaporable water and the amount of CH consumed by reaction.

CH consumption—From TGA analysis, the mass percent
water associated with CH was estimated by approximating
the mass loss due to CH decomposition at temperatures
roughly between 400 and 500 C. The amount of CO, was
determined similarly by estimating the mass loss due to
CO, between 500 and 700 C. Approximations use the proce-
dure suggested by Taylor?8 that utilizes leading and trailing
derivative lines and mass loss curve inflection as the mid-
point for estimation of the weight loss. Using this procedure,

"Certain products o organizations are identified to more fully describe the analyti-
cal procedures o ongin of materials. In no case does this imply endorsement by the
National Institute of Standards and Technology, nor does it mean that they are the best
available for the purpose
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Table 1—Chemical and physical analysis of fly ash

Table 2—Particle size analysis

Chemical analysis Value, %
Si0, 55.3
AlO3 26.4
Fey03 74
TiO, 12
Ca0 3.1
MgO 1.6
Na,O 0.4
Ka,O 29
SO, 0.5
P05 0.1
BaO 0.1
MnO <0.1
SrO 0.1
Total carbon 1.0
Other 0.3
Total 100.4
Physical analysis Value
pH 11.3
Multipoint BET surface area, m%/g 131
Specific conductivity, m-mhos 595
Available alkalis, % 0.73
Evaporable water, % 0.21
Loss on ignition, % 1.65
Retention on No. 325 sieve, % 23.90
Specific gravity 225
Soundness, % -0.036
Pozzolanic activity index
Water required, % control 98
Strength at 7 days, % control 83

weight loss was taken as the difference between leading and
trailing tangents projected to the vertical line drawn through
the midpoint.

The amount of CH consumed was computed by subtract-
ing the CH remaining from the initial CH in the sample. The
initial CH was estimated by material balance. All material
balances were computed for 100 g of starting materials
(M%¢%) on a dry basis for simplicity

feed
Cered _ CHgV‘DS.\' (1)
actual - feed feed
Cngass +AShgross
feed feed feed
(1- fCH moisture fCH carbonate M

The fraction of CH moisture (ff45%,,,:s,r. ) Was taken to

be 1% and the fraction CH carbonate (f44£% ., ponaze ) WS
taken to be 1.99%, both as determined by TGA. The sub-
script gross is used herein to identify mass quantities that
have not been corrected for purity. The amount of CH re-

maining is given by

I —
CH'rggr'r;lgirfing - (2)
sample 74 sample 74 sample
[ fCH as water ﬁ *+ JcH as cO2 4_‘1 M
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Diameter, mm
Cumulative mass, % CH Fly ash
10 13.756 43.08
25 11.582 34.17
50 7.565 26.72
75 6.135 20.00
90 S5.111 10.53

The addition of the term %% > is included because
it was determined that the majority of CO, evolved was due
to CH carbonation. The factors 74/18 and 74/44 convert the
fraction of mass loss as H,O and CO, into CH.

The final mass of the sample (M**"P') was determined by
using the total nonevaporable solids in the feed as a tie-
component (component mass that does not change through
the system). This includes nonevaporable components of
both the ash and the CH

feed _ sample
Mnonevaporable - Mnonevaporable (3)
feed _ sample sample 4
Mnonevaporable =(1 - fevaporable M ( )

feed _ Sfeed eed

Mnonevaporable - (1 - fevaporable )Mf (5)

1 JSeed
anmple - MfeEd _fevaporable 6)

1 sample

_fevaporable

where fémpomble is the fraction of i that is evaporable up to
105 C, and i = feed or sample. Finally, the amount of CH
consumed (CH,.,psumeq) Can be computed

_ CHsample (7)

remaining

feed

actual

CH

consume

actual remainin

feed and remaining in the hydrated sample, respectively.
An extent of reaction for CH was defined as the mass
reacted divided by the mass initially

CHconsumed
Oy = [—CH Teed ®)

actually

where CHfeed = and CHsample. o are the mass of CH in the

where 0,y is the extent of reaction for CH.

Nonevaporable water production (hydrate formation)—
The amount of hydrates formed was estimated by determin-
ing the amount of nonevaporable water (water removable
above 105 C). The mass loss due to waters of hydration be-
tween 25 and 1000 C was determined after samples had
initially been equilibrated at 105 C post-methanol quench.
These were stored in sealed vials until TGA assays were
performed. The amount of hydrates formed H, decompos-
able between 25 and 1000 C, were then estimated by

_ agsample 1 1 _
H=M (filz'r?fv;porable _fgz;n onate O

sample, .sample
fCH q’fcarbonale )
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where ¢ is a coefficient that corrects for the amount of water
evaporable up to 1000 C associated with carbonate forma-
tion. TGA of carbonated CH samples consistently show a
low temperature water-loss to carbonate-loss ratio on the
order of 0.4. This is consistent with calcium carbonate
formation stoichiometry wherein, presumably, the water
of carbonation remains weakly absorbed

CH+C—>CC+H

The ratio of H,O/CO, = 18/44 = 0.409.
Raw data for CH consumed and nonevaporable water gen-
erated for 1, 5, and 16 d are summarized in Table 3.

X-ray diffraction (XRD)

Samples were prepared for X-ray diffraction (XRD) using
a conventional powder diffraction sample preparation tech-
nique with back-loaded cavity mounts. Standard CuK o radi-
ation was used. All samples were tested using 40kV (40 mA)
steps between 0.02 to 0.04 degrees per s, and 2O values rang-
ing from 5 to 45 degrees.

ANALYSIS AND DISCUSSION

Stoichiometry of reaction

The stoichiometry of the CH-fly ash interaction was esti-
mated from the asymptotic CH consumption value obtained
for the reaction of samples containing an excess of CH, that
is, CH/ash = 75/25, at 60 C. Under these conditions, the lim-
iting consumption was estimated to be roughly 1.12 g CH/g
fly ash. While it would be ideal to gather similar data at lower
temperatures and different ratios of CH/ash, it becomes some-
what impractical because reaction rates and transport effects
limit the extent of reaction. Mechanical stimulation via
grinding has been used; however, this is thought to alter the
product chemistry. Extensive XRD analysis shows essential-
ly identical products forming regardless of temperature or
CH/ash ratio.?® At this time, a single value of consumption
appears justifiable, yet further validation of this critical as-
sumption should be done

By comparison, Bentz? suggests the following two poz-
zolanic reactions for fly ash

1.LICH+S +2.8H - C; ;SH;3 ¢

2CH + AS + 6H — C,ASHy

If the fly ash silicate and aluminate phases are allocated be-
tween a S silicate glass and an AS (aluminosilicate glass)
phase as Bentz suggests, then in every mole of the fly ash

used in this research there are 0.6 mol pozzolanic silica and

0.2 mol aluminosilicate glass. By material balance, this cor-
responds to a consumption of 1.04 mol CH per mole of ﬂy
ash. The limiting mass ratio, upon complete reaction, is
0.79 g CH/g ash. Similarly, Helmuth’ suggests the follow-
ing pozzolanic reactions

xCH+yS+zH—->C,(SyHx+z
AS; +3 CH +zH — C,SyH,_s + C;ASHg

‘Helmuth suggests that a fly ash with reactive S and A of 50
and 30%, respectively, will for a complete reaction have a
mass ratio of 0.83 g CH/g fly ash, assuming that x/y = 1. This
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Table 3—Raw data for CH consumption and
hydrate formation

Raw amounts
(g/100 g starting solids)
Nominal Total nonevaporable
CH/ash  |Time d|Temperature, C|CH onsumption H0
12.5/87.5 1 25 0.82 298 .
25175 1 25 0.43 3.01
50/50 1 25 2.31 3.05
75125 1 25 6.54 3.52
12.5/87.5 1 40 1.02 3.22
25/75 1 40 1.87 2.73
50/50 1 40 5.63 441
75125 1 40 6.83 4.12
12.5/87.5 1 50 2.64 347
25775 1 50 3.11 3.48
50/50 1 50 4.44 5.39
75125 1 50 10.29 5.63
12.5/87.5 1 60 3.08 4.21
25/75 1 60 6.32 491
50/50 1 60 11.00 7.31
75/25 1 60 14.55 6.34
12.5/87.5 5 25 1.77 3.59
25/75 5 25 1.60 4.39
50/50 5 25 5.03 4.95
75125 5 25 7.55 5.29
12.5/87.5 5 40 3.35 4.90
25175 5 40 6.20 6.15
50/50 5 40 11.06 7.54
75125 5 40 11.01 7.06
12.5/87.5 5 50 7.97 7.48
25/75 5 50 13.99 9.73
50/50 5 50 17.04 9.32
75125 5 50 16.40 9.16
12.5/87.5 5 60 9.10 7.60
25/75 5 60 16.40 10.7
50/50 5 60 18.67 9.77
75125 5 60 23.62 11.13
12.5/87.5 16 25 2.60 4.27
25175 16 25 5.96 4.85
50/50 16 25 7.46 6.64
75125 16 25 9.65 7.74
12.5/87.5 16 40 9.52 7.49
25/75 16 40 17.38 11.20
50/50 16 40 18.69 11.25
75125 16 40 18.54 11.76
12.5/87.5 16 50 10.62 8.53
25/75 16 50 19.86 11.80
50/50 16 50 23.59 12.17
75125 16 50 2240 13.99
12.5/87.5 16 60 11.05 7.95
25/75 16 60 19.52 11.56
50/50 16 60 23.61 11.93
75125 16 60 26.33 14.02

ratio is very similar to the experimental fly ash, which has
55.3 and 26.4%, respectively. Using the experimental ash
composition, this analysis yields a limiting ratio of 0.87 g CH/g
fly ash. A C/S ratio in the C-S-H of one is, however, low for the
calcium-rich CH environment in which the experiments
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were run. If x/y = 1.3, for example, the limiting ratio be-
comes 0.95 g CH/g fly ash. This limiting analysis is general-
ly in good agreement with the observed value of 1.12 g CH/
g fly ash. Furthermore, closer agreement is likely if the alu-
minate product contains hydrogamet (C3AHg) or hydrogros-
sular phases such as Katoite (C3ASoHg, & < 1.5), because
they contain C/S ratios greater than 2.0 in comparison to the
stratlingite (C,ASHg) suggested by Helmuth. Such products
have been identified and will be discussed as follows. Based
on the limiting stoichiometry of reaction, the extent of ashre-
action was defined :

Jew 1
Qash = aCHE;’; e (10)

where f,,, and fcy are the initial fraction ash and CH in the
sample, respectively, and € is the mass stoichiometry ratio
grams of CH consumed per gram of fly ash reacted (€ = 1.12).

Rate analysis
Reaction rates in cement systems are typically analyzed
using the Avramj,30 Knudsen, 1 or similar equations or com-
binations, because they encompass reaction- and diffusion-
controlled mechanisms typical of cement hydration processes.
Avrami:

JIn(1 = (o= o0y)) = ky(t=1)™ (11
Knudsen:
k(2 —1,)"%
= _L(_z)__x 12)
1+ kg(r=1,)"
where
t = time; —
t, = initial time, Knudsen (typically the induction time

for cements);
ty = initial time, Avrami;

o = extent of reaction at any time f;
oy = extentof reaction at fy;

k4 = Avrami reaction rate parameter;
ky = Knudsen reaction rate parameter;
nA = Avrami reaction exponent; and
nK = Knudsen reaction exponent.

These expressions, however, are only applicable for a single
reacting solid phase or when rates depend only on the extent
of reaction of a single solid phase.

The hydration of low calcium fly ash requires the presence
of not only the fly ash phases and water, but also calcium hy-
droxide. Reactions involving two solid phases may exhibit
rate dependence upon one, both, or neither surfaces depend-
ing on the rate-controlling mechanism. Such a rate expres-
sion must go to zero as either or both phases reach full extent
of reaction. The simplest form of rate expression having the
desired functional form is given by

da n m
d—t‘ = k(1-0,)"(1-0,) (13)

where o and o, are extents of reaction for Phases 1 and 2,
respectively, n and m are the reaction orders, k is the reaction
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rate constant, and da.;/dt is the rate of reaction of Phase 1.
Similar expressions are typically used to describe various re-
action rate-controlled processes.

To discern the functional dependence of the reaction rate
for the CH/fly ash reaction, it was necessary to run experi-
ments wherein the CH/ash ratio in the starting materials was
varied. In this way, dependence of the rate on relative
amounts of ash and CH surface and extent of reaction of both
phases could be discerned.

Observation of the raw CH consumption data and reaction
rates computed thereof illustrate the complex behavior of
this reaction (Fig. 1 and 2). Several features are notable:

1. The rate of CH consumption and the rate of hydrate for-
mation are functions of the CH/ash ratio. In particular, there
is more hydrate formed and more CH consumed per gram of
starting ash per unit time when the mixtures contain more
CH. Figure 1(a) and (b) illustrate this effect for samples re-
acted at 40 and 60 C, respectively;

2. In addition, the rates of reaction are also a function of
both the extent to which CH and ash are reacted (Fig. 2(a)
and (b)); and

3. The reaction rates exhibit an inflection as a function of
CH/ash at a CH/ash ratio in the neighborhood of 50/50. Fig-
ure 2 illustrates this observation for samples reacted at 60 C.
This is particularly evident for higher temperatures.

Since both CH and fly ash are consumed as the reaction
progresses, the extent of reaction for both vary with time.
Experimentally, it is impossible to hold either constant as the
reaction progresses for a single experiment. By running a
series of experiments with varying CH/ash initial composi-
tions, however, it is possible to measure instantaneous rates
at constant extents of reaction for either constant ash extent
(0t4s) Or CH (0cp) extent. To locate rates at constant Oy ¢p,
a4, Was plotted versus time for various CH/ash ratios at
constant temperature. Rates of reaction were then deter-
mined for various 0.4, values by computing the derivative at
points on the oy, versus time curve for various CH/ash
values. The respective 0oy values were determined using
the following relationship between a4, and 0cy

ey = a,,,,,f"-i's (14)

fcu

Figure 2 illustrates rates determined by this method. From
these plots it can be seen that the rate of reaction depends
upon both the extent of reaction for CH (0.cpy) and the CH/ash
ratio because, as seen from Fig. 2(a), the rate of reaction was
found to increase with increasing CH/ash ratio at constant
0.y and decrease with increasing O.cy at constant CH/ash
ratio. The dependence on 0,4, however, is more difficult to
discern. At low o,cy, the rate of reaction was shown to in-
crease with increasing CH/ash ratio at constant 0.y, despite
increasing o ;. It appears that either the reaction is indepen-
dent of ash extent—zero order in ash surface—or the appar-
ent effect of ash extent is overwhelmed by the affect of
increasing CH content (increasing CH surface area in the
system) when 0.c; is low. For higher values of oy, however,
the rates exhibit a maximum, decreasing for increasing
04, s the CH/ash ratio increases above the maximum, and
decreasing for decreasing 0.4, as the CH/ash ratio decreases
below the maximum. These complex behaviors suggest that
the rate of CH consumption per gram of ash is not only de-
pendent on the extent of reaction of both the CH and ash
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phases, but aiso dependent on the relative amount of CH and
ash in the system. In either case, the initial strategy for rate
analysis was to assume that the form of the rate expression
was first order with respect to both CH and fly ash extent, for
example, n=m = 1in Eq. (13). This left only the dependence
on the reaction constant k to be determined. If the assumed
rate dependence is correct, the rate constant k should be a
function of temperature only.

Reaction rates were analyzed by integration of the follow-
ing rate expression

do,
TCH = k(1 -acy)(1-0y,,) (15)

Because the extent of ash reaction is proportional to the ex-
tent of CH reaction, 0,4, could be eliminated by using Eq.
(14), resulting in the following differential equation with
only one dependent variable: O.cy

do,
—df—” = k(1 - ocp)(1 - aocy) (16)
where a is the proportionality constant fry/fy,,/€ relating
0.y to 04 5. Upon integration, the following relationship be-
tween O,y and time is found

1 1-ocy

=kt a7
a-1 1-aogy

To determine the rate constant %, a fitting routine was used
that minimized the squared error in predicted and experi-
mental extents of reaction 0.y as a function of k. The rate
constant k was determined in this way for o,y versus time
curves at each temperature and for each CH/ash ratio. The
o,y versus time plots for experimental data and for Eq. (17)
are shown in Fig. 3 for 50 C. On the average, the equation
simulates observed trends over the entire range of CH/ash ra-
tios, however, the absolute fit is better for the higher temper-
ature data.

The computed reaction rate parameters were analyzed us-
ing an Arrhenius plot, that is, In(k) versus 1/T, (Fig. 4(a)).
Good linearity for the Arrhenius analysis is noted with r
values greater than 0.95 for all but the CH/ash = 75/25 data
set (Fig. 4). The resulting apparent activation energies over a
temperature range from 25 to 60 C (298 to 333 K), however,
were found to vary as a function of CH/ash ratio (Fig. 4(b)),
dipping to a minimum for CH/ash = 0.5. This observed
change in activation energy is most likely the result of in-
creased diffusion resistance at CH/ash = 1 (50% CH).

Since the stoichiometry of the reaction consumes roughly
1.12 g of CH per g of ash € = 1.12 the porosity of reacted CH-
ash samples will be minimized at a CH/Ash ratio of approx-
imately 1. This is consistent with the observed inflection in
rates at a CH/ash ratio of 1, as shown in Fig. 2(b), and with
the observed decrease in activation energy at the same ratio.

Ideally, plots of In(k) versus 1/T for any CH/ash ratio
should be colinear. Good colinearity was found for low
CH/ash ratios. At the higher ratios, however, lower k values
were found with minimum values occurring at a ratio of 50/50.
This deviation is consistent with the observed decrease in
activation energy at a CH/ash ratio of 50/50. This result
suggests that while the assumed rate expression offers a
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Fig. 1—Mass of CH consumed per unit mass of fly ash as
function of time for various CH/ash ratios: (a) T = 40 C;
and (b) T = 60 C.

good overall fit to the data and predicts observed trends, fun-
damentally, it does not adequately account for changes in
transport conditions between reactant surfaces with changes
in CH/Ash ratio, nor does it account for particle size and size
distribution effects. These factors likely account for less than
adequate fit for some data sets.

While Eq. (17) appears to have the correct global
mathematical form, do/dt going to zero as either ooy or
0.4 s, approaches unity and the effect of CH/ash ratio embod-
ied in the k value, it is without mechanistic interpretation at
this time. Furthermore, similar behavior was found when the
Avrami and Knudsen equations were used despite the math-
ematical limitations previously discussed. Assuming that the
reaction rate is only dependent on 0.y and using only the
data for CH/ash mixtures for which CH is the limiting re-
agent, it was found that the Avrami and Knudsen equations
provide a reasonable fit giving similar values for the acti-
vation energy for CH/ash values of 12.5/87.5, 25/75, and
50/50 (Table 4). To achieve a good fit, however, it was
found that both the Avrami and Knudsen exponent must be
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Fig. 2—Rate of CH consumption per unit mass of fly ash per
day as function of CH/ash ratio at various constant extent of
CH reaction values: (a) T = 40 C; and (b) T = 60 C.

changed from n = 1 to n = 0.5 for the CH/ash ratio of 50/50.
While physical interpretations have been assigned to specific
Avrami exponents, they seem only weakly plausible in this
application, but should be taken into consideration. The
Avrami coefficient is usually determined from the equation

ng = (P/S+Q) (18)

where P = 1 if the product forms as fibers, needles, or spines;
P =2 if the product forms as sheets, flat glates, or foils; and
P = 3 if the product forms as polygons.3 S is a growth rate
constant; S = 1 if the growth is controlled by the interface or
phase boundary; and S = 2 if the growth is controlled by dif-
fusion. Q is the nucleation rate; Q = 0 for zero nucleation
rate, and Q = 1 for constant nucleation rate. The observed
shift in exponent from 1 to 0.5 tends to support an increase
in transport resistance and may be consistent with a change
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from reaction to diffusion control as S goes from 1 to 2. This

shift is also consistent with and indicated by the reduction in
apparent activation energy for CH/ash = 50/50.
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Table 4—Summary of kinetic parameters

docyldt = k(1 - oy Avrami ny=1 | Avraming =0.5 | Knudsen ng =1 |Knudsen ng = 0.5
CH/ash | (1-0g) E /R, 1* LR E R, r? E R, r? E R, r*
12.5/87.5 8400 (0.96) 8300 (0.97) N/A 7400 (0.96) N/A
25/75 7600 (0.98) 7500 (0.98) N/A 7000 (0.97) 6900 (0.97)
50/50 5700 (0.96) N/A 4400 (0.94) N/A 5000 (0.95)
75/25 7600 (0.94) N/A 5600 (0.99) N/A N/A

Note: N/A = not applicable.
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Fig. 5—Nonevaporable water content per unit mass of sam-
ple versus CH consumed per unit mass of sample.

While Knudsen’s equation has a fundamental basis in that it
explicitly accounts for particle size and size distribution ef-
fects, it assumes a mathematical form for both the size distribu-
tion and the rate expression that have no physical interpretation
other than mathematical convenience and consistency with the
observed data. A point of interest is that the Avrami equation
was found to fit the data better at the lower temperatures, while
the Knudsen equation best fits the higher temperature data.
This result is similar to published results that show the Avrami
equation predicts early stage reaction and low extents of hydra-
tion, while the Knudsen is designed to predict later or the full
reaction curve.?82% At lower temperatures, the extent of reac-
tion is very low while at the higher temperature, the reaction
has reached a level high enough to give the representative
shape of the complete reaction curve. Even with the restrictions
already set forth, it appears that neither of these models could
predict a complete set of hydration curves for this reaction
without changing the equation’s rate basis, for example, dotq/
dt = flacy) when CH is the limiting reagent and dow-/dt =
Jflolygn) when ash is the limiting reagent.

Unless the rate basis is changed, neither the Avrami or
Knudsen approaches are able to predict rates when ash is the
limiting reagent (CH/ash = 75/25). Because 0.y does not
approach one when ash is the limiting reagent, do.cy/dt =
k(1 — a.cpy) cannot go to zero. Under these conditions, it is
only appropriate to model doiy/dt = k(1 — 0u44) or dovcy/dt
= k(1 — a,4,,)/a. With this change in basis made, again a val-
ue for the activation energy was found for n4 = 0.5, and again
the value is greater than that for CH/ash = 50/50, which is
consistent with other findings in this study. In either case, &
was found to depend on the CH/ash ratio, indicating that this
approach is empirical.

By comparing the Avrami and Knudsen approaches to
Eq. (17), it was confirmed that only a rate expression that
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has explicit dependence on both the ash and CH extents of
reaction can adequately predict the full range of rate behav-
iors observed. While the Avrami and Knudsen equations
yield similar activation energies, it is necessary to change the
rate basis as the CH/ash ratio moves from CH limiting to ash
limiting further demonstrating that the observed rate is de-
pendent on both CH and ash extents of reaction.

Controls and other confirming resulits

It was assumed in these analyses that CH consumption is a
direct indicator of hydrate formation. To confirm this as-
sumption, the amount of hydrate formed was determined by
measuring the nonevaporable water content of reacted sam-
ples. The mass of nonevaporable water per gram of sample
was plotted versus the mass of CH consumed per gram of
sample for each temperature, CH/ash ratio, and reaction time
(Fig. 5). A linear relationship was found confirming that CH
consumption is directly proportional to hydrate product for-
mation with an average H/CH molar ratio of approximately
2.2 given by the slope of the line defined by the data. A more
detailed analysis reveals that scatter in this plot is not due to
experimental error, but rather is a systematic variation in the
H/CH molar ratio as a function of temperature and CH/ash ra-
tio. Figure 6 shows that the H/CH molar ratio varies between
approximately 2.1 to 3.65 depending upon the temperature
and relative amounts of CH and ash in the starting sample. To
establish an estimate of the average H/C ratio in the hydrate
product, it is necessary to multiply the H/C ratio by the frac-
tion C in the product that comes from an external CH source.
If 100% of the C supplied by the ash is incorporated into the
hydrate products (100% of the 3.1% of Ca) then, by material
balance, the average H/C ratio becomes 2.14.

XRD was used to investigate phases formed. Along with C-
S-H, as indicated by broad diffraction peak at roughly 29 20,
monosulfate and hydrogarnet (phases related to C;AHg) were
the other major hydrate phases detectable by XRD. Monosul-
fate was noted by its characteristic peak at roughly 10 2033
Hydrogarnet or one of the hydrogarnet family of phases such
as katoite is detectable by XRD by its peak at approximately
17.5 20, which is convoluted with a major portlandite peak
at 18.32 Katoite is likely because characteristic peaks at 32.5
and 40 20 are also present. These patterns are shown in Fig.
7 for a comparison of CH/ash ratios of 75/25, 50/50, 25/75,
and 12.5/87.5 reacted for 5 d at 60 C. Based on these phases,
it would be reasonable to observe H/C ratios between 1.24
(C17SH, ; as reported by Young and Hansen)** and 2 (for
C3AHg), depending on the relative amounts of these phases
and the degree to which the sample has been dried.

To further confirm that material balance-based nonevapo-
rable water analysis actually represents hydrate product for-
mation, XRD intensities at 28.99 = 20 (d-spacing of 0.306 nm)
were compared to measured nonevaporable water values. C-S-H-
type hydration products are known to produce XRD scattering in
the 29 20 region, and so intensities in this region of the XRD
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net; M = mulite; and Q = quartz).

pattern should correlate with nonevaporable water content
measured by TGA. XRD patterns in this region overlap with
a peak for CH at 28.69 20O and thus intensities at 28.99 20
were determined by peak fitting. Figure 7 summarizes XRD
data for 5-day samples reacted at 60 C for CH/ash ratios of
75/25, 50/50, 25/75, and 12.5/87.5. Figure 8 illustrates excel-
lent qualitative agreement between XRD intensities thus
determined and nonevaporable water content confirming
material balance results.

A number of control experiments were also run to verify
that the observed results previously described are indeed the
result of the interaction between the ash and CH and not
some form of self-reaction in the NaOH solution. CH samples
were soaked in deionized water and in pH 13.4 NaOH solution
for 1, 5, and 19 days at 25, 40, 50, and 60 C. No reaction was
noted as indicated by no change in CH content as measured
by TGA. There was also no difference between samples as
a function of either time or temperature, thus indicating
that no reaction is occurring as the result of exposure to the
either water or pH 13.4 NaOH solution.

A similar experiment was conducted for the fly ash.
Samples of fly ash were soaked for 19 days in pH 13.4
NaOH solution (Fig. 9). Clearly, there is self-reaction
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Table 5—pH of supernatant for various CH/ash
mixtures with 13.2 NaOH solution

CH/ash Day 1 Day 4 Day 15
100/0 13.18 13.00 1291

T=25C 50/50 13.22 13.08 (12.85)"|12.98 (12.83)"
0/100 13.21 13.07 12.96
100/0 12.83 12.66 12.63
T=50C 50/50 12.93 12.72 12.65
0/100 12.93 12.64 12.55

*Values in parentheses for expressed pore solution.

shown. When compared, however, to the 16-day samples
containing ash and CH at the same temperatures, it was
found that self-reaction is considerably less than that observed
when CH is present in the system. In all experiments the
hydrate formed by self-reaction was lumped in with that
formed with externally added CH, because deconvolution
would add to the errors already caused by carbonate and
moisture subtraction routines.

Reaction rates for through-solution reactions involving
Ca™, siliceous and aluminate bearing ions are sensitive to
pH. Because the pH of ash is known to be lower than the pH
of the NaOH solutions used, while it is thermodynamically
unlikely, it is conceivable that the pH may not be constant
from one mixture to the next. This could result in changes in
observed reaction rates as a function of CH/ash ratio. To ver-
ify that the pore solution pH was not a function of CH/ash ra-

. tio, a series of experiments were run wherein the pH of the

pore solution was measured as a function of time, tempera-
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ture, and CH/ash ratio. The results, shown in Table 5, illus-
trate that while the pH does evolve with time and is a
function of temperature, the pH does not change as a func-
tion of CH/ash ratio, and thus it is safe to assume that the pH
of the system is set by the pH of the NaOH solution.
Finally, Taylor and Turner, and Beaudoin et al. suggest that
the use of methanol to quench hydration may cause undesir-
able interactions when using TGA to quantify residual
CH.2835 This, however, is particularly the case when quanti-
fying small amounts of CH hydration byproduct. To demon-
strate that the use of methanol had no significant effect in the
present experiments, TGA data for as received CH and meth-
anol washed CH were compared. No differences were noted.

SUMMARY OF RESULTS

A method for determining the apparent activation energy
for the pozzolanic reaction of low CaO containing fly ash is
suggested. The technique involves reacting CH/ash pastes in
simulated pore solution at fixed temperatures and times. The
apparent activation energy for CH consumption is on the or-
der of 69 kJ/g-mol. All experiments were conducted in a pH
13.4 NaOH solution. Preliminary data suggests that the sto-
ichiometry of the hydrate phase depends upon the CH/ash ra-
tio and that the rate of CH disappearance and the rate of
hydrate formation is a function of CH content. Considerable
work is yet required to describe these observations with
mechanistic arguments. Microstructural data, as well as
more detailed XRD and calorimetric studies, are suggested.
A single fly ash was investigated by reaction in pH 13.4
NaOH solution to mimic pore solution pH at later stages of hy-
dration, as noted by other investigators. Similar studies should
be conducted in the absence of NaOH (pH approximately 12.7
for CH) and at other pH values and with other cation and an-
ions present in solution, that is, K* and SOy 2, Ashes with var-
ious amounts of aluminate and CaO phases should then be
studied to understand the effect of chemical composition on re-
activity. Finally, comparison of model-predicted performance
and performance in portland cement systems would be useful.
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