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Abstract

Cementitious binder compositions with high fly ash contents proposed for immobilization of highly alkaline low-level radioactive waste

solutions have significantly different chemistry and behavior than normal Portland cement pastes. In this paper, we investigate the mineralogy

of a simulated wasteform proposed for the immobilization of the tank wastes stored at the Hanford Reservation, Washington State, USA.

These solutions have very high (multimolar) concentrations of sodium, aluminate, phosphate, carbonate, nitrate, and nitrite ions. The

cementitious blend proposed to solidify this solution contains a high proportion of fly ash to avoid the large heat output that would be

associated with the hydration of a neat Portland cement. In addition to calcium silicate hydrate (C-S-H), the binding phase normally formed

by hydrating cements, zeolites also formed during adiabatic curing up to 90�C. The zeolites, sodalite and Na-P1 (gismondine framework),

immobilize part of the sodium in the system. Compared to C-S-H in ordinary Portland cement (OPC), the C-S-H in this system, which had a

layer spacing of 1.1 nm, was more crystalline, and had a longer chain length and a higher aluminum content. Changing the curing conditions

had a large effect on early age mineralogy, for example, traces of chabazite are formed on isothermal curing at 90�C. The long-term

mineralogy depended mainly on the final curing temperature. D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cementitious materials are the basis of potential solid

wasteforms for many nuclear and toxic wastes. Blends of

Portland cement with mineral admixtures slow the rate of

transport of water and dissolved species through the solid

matrix. In addition, the hydration products, principally

portlandite (calcium hydroxide) and calcium silicate hydrate

(C-S-H),2 buffer the pore solution to high pH, and under

these conditions many toxic species such as heavy metals

are precipitated as hydroxides [1]. A previous note [2]

described the mineralogy of a cement-based wasteform in

which zeolites and feldspathoid minerals form in abundance

along with an aluminous C-S-H. The wasteform was devel-

oped for immobilization of low-level radioactive waste

solutions currently stored at the Hanford Reservation in

Washington State, USA. This cement blend is high in fly ash

and here is hydrated with a highly alkaline simulated waste

solution, and cured at temperatures up to 90�C [3]. This

system is likely to be representative of many systems in

which the solution is chemically complex and highly alka-

line and in which heat evolution is a significant concern.

The formulation has been shown to provide effective

immobilization of a range of hazardous species. However,

due to the unusual and complicated chemical compositions

of these wastes, the widely varying cement blends, and the
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potentially high temperature curing conditions, relatively

little is known about the chemical and mineralogical com-

position of the solid phases and the long-term behavior of

these wasteforms.

The formation of zeolites and related phases in cement

systems is of considerable interest because significant quan-

tities of water can be immobilized in the zeolite pores, and

the zeolites can absorb significant amounts of cations [4].

Such in situ zeolite formation has been observed previously

in alkali-activated blended cement systems with high levels

of pozzolonic admixtures [5–7]. Hoyle and Grutzeck [7]

have demonstrated the potential for removal of cesium from

solution by use of alkali-activated calcium aluminosilicate

glasses. Alkali activation of mixed calcium aluminate/silica

fume cements has been used to immobilize cesium ions

from solution [8,9].

In this paper, the mineralogy of a simulated Hanford

wasteform is considered in detail. The zeolites that form

are identified, their relationship to AFm formation and

disappearance is described, and the differences between the

C-S-H formed in this system and that formed by the hydra-

tion of ordinary Portland cement (OPC) at ambient tempera-

tures are considered. The wasteform begins to lose strength

after about 14 days hydration, and thus the time evolution of

the mineralogy and the effects of various curing regimens are

studied. Other papers have described aspects of the chemistry

and microstructure of similar simulated wasteforms [10–15].

2. Materials and methods

2.1. Solution

The solution utilized in this study (Table 1) was designed

to simulate the composition of one particular tank of low-

level waste solution currently stored at Hanford [3,16,17]; it

is highly alkaline and has a very high concentration of

dissolved salts. There is a high level of short-lived isotopes

in the tank, giving rise to some radiolytic heating; however

the activity due to long-lived isotopes is low, leading to the

tank being classified as low-level waste. For the simulated

solution, the components were added sequentially at 45�C,
each being allowed to dissolve fully before the next was

added. The final solution was stored at 45�C to prevent the

precipitation of sodium phosphate, which occurred if the

solution was allowed to cool. Solutions were not kept longer

than 1 week, since gibbsite sometimes precipitated at later

ages. Other papers [2,11] describe the use of a simplified

solution containing only those species indicated in bold type

in Table 1. Table 2 shows the molarity of the major species

in the solution.

2.2. Cementitious binder

The wasteform samples were generated by the reaction of

the simulated waste solution at elevated temperature with a

preblended mixture of cement, fly ash, and clay, with the

proportions given in Table 3. This dry blend was developed

[16,17] to provide a wasteform meeting engineering and

environmental specifications for immobilization of the

highly alkaline low-level radioactive tank wastes currently

stored at Hanford. The low cement content (20.7%) and

high fly ash content (68.3%) is required to limit to accep-

table values the nearly adiabatic heat rise occurring during

reaction in large monoliths. The clay thickens the mixture

and stops segregation prior to set. The formulation meets a

minimum 28-day strength of 3.5 MPa and a maximum

temperature under adiabatic curing of 90�C. The solids

Table 1

Composition of the full simulated low-level waste solution

Compound g/l

NaOH 74.80

Al(NO3)3�9H2O 128.00

Na3PO4�12H2O 74.40

NaNO2 36.90

Na2CO3 36.20

NaNO3 8.58

KCl 1.83

NaCl 2.50

Na3Citrate�2H2O 2.50

Na2B4O7 0.13

Na2SO4 3.89

Ni(NO3)2�6H2O 0.30

Ca(NO3)2�4H2O 0.44

Na4(EDTA)�2H2O 1.42

Na3(HEDTA) 5.29

Glycolic acid 0.65

Mg(NO3)2�6H2O 0.03

Components used to make up a simplified solution are shown in bold type.

Table 2

Concentration of the most important species in the simulated tank waste

solution

Major species Molarity

Na + 4

Nitrate 1.2

Nitrite 0.5

Carbonate 0.35

Aluminate 0.35

Phosphate 0.20

pH > 13

Table 3

Composition of the dry blend

Material

Amount

(%) Density Description Supplier

Cement 20.7 3.21 ASTM Type II Ash Grove Cement

(Durkee, OR)

Fly ash 68.3 2.38 Centralia Class F Ross Sand and Gravel

(Portland, OR)

Clay 11.0 2.24 Attapulgite Clay Engelhard (Inselin, NJ)
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were preblended by hand-mixing; the dry blend was then

placed in a cylindrical container and rotated end-over-end at

room temperature overnight for complete mixing.

Elemental compositions of the individual components

(Table 4) were determined by X-ray fluorescence (XRF)

spectroscopy after fusion with lithium borate, and with use

of appropriate NIST-traceable standards for calibration.

The fly ash contains a relatively high level of Ca compared

to many USA Class F fly ashes. The particle size distribu-

tions of the cement and fly ash were measured by sieve

analysis (Table 5) and by sedimentation (Fig. 1). The

median equivalent spherical particle diameters were 7

and 13 mm for the cement and fly ash, respectively. The

clay is significantly finer but its particle size distribution

was not determined.

2.3. Wasteform mixing

A high solution/solid ratio of 1.0 ml/g was used to

maximize the loading of the waste solution, and minimize

the volume increase after treatment. The actual water/binder

ratio was slightly lower due to the high salt content of the

solution. Mixing took place at 45�C, a typical upper

temperature limit during mixing of the solids and radioly-

tically heated liquid in practice [3]. The solids, solution, and

mixing implements were all equilibrated to 45�C in a

temperature-controlled room prior to mixing to facilitate

isothermal and adiabatic calorimetry. The liquid was poured

into the mixing bowl of a planetary mixer (Hobart Model

N-50) and the solid added gradually over 15 s, with slow-

speed stirring. The paddle and bowl were then scraped

down, and mixing continued for 2–3 min at intermediate

speed, or until the solids appeared to be fully dispersed.

The wasteform samples were cast into 25-mm diameter

plastic tubes, which were sealed and placed into a custom-

built programmable oven equipped with a ramp and hold

controller. Unless otherwise noted, the temperature was

raised to 90�C in a series of ramps (line (b) in Fig. 2) over

3 days to simulate the expected adiabatic temperature profile

[16,17]. After 3 days, the exothermic hydration was largely

complete, and the sample tubes were transferred to an

isothermal oven at 90�C for long-term curing. The sealed

sample tubes were stored in sealed containers partly filled

with water at a relative humidity of >95% to ensure that loss

of water vapor would not occur. At each testing age, 50-mm

long sections were sawn from at least three cylinders for

Table 4

Oxide analyses by XRF spectroscopy of the raw materials

Oxide Cement Fly ash Clay

SiO2 22.17 46.13 59.71

Al2O3 3.24 25.02 9.05

Fe2O3 4.24 7.25 3.17

CaO 64.48 8.02 3.13

MgO 1.13 1.81 11.21

K2O 0.52 0.63 0.83

Na2O 0.15 4.74 0.07

TiO2 0.23 4.70 0.42

P2O5 0.12 0.42 1.47

MnO 0.06 0.03 0.05

SO3 2.14 0.12 < 0.1

LOI 1.20 0.53 10.64

Table 5

Sieve analysis of the cement and fly ash

Percent of material in range

Size/mm Cement Fly ash

>50 0 10

30–50 2 16

20–30 6 12

10–20 24 22

5–10 30 22

2–5 22 N/A

1–2 10 N/A

< 1 6 N/A

< 5 N/A 18

Fig. 1. Particle size distributions by sedimentation of the cement and

fly ash.

Fig. 2. Semiadiabatic calorimetry, corrected for heat loss to the dewar (after

Ref. [3]) showing (a) sample temperature, (b) programmed oven

temperature used for ‘‘adiabatic curing’’ of samples, and (c) rate of

increase of sample temperature, calculated from curve (a).
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compressive strength measurements. Samples were also

studied by powder X-ray diffraction (XRD) and by solid-

state magic angle spinning nuclear magnetic resonance

(MAS NMR) spectroscopy. Samples for isothermal calori-

metry at 45�C were taken directly after mixing.

2.4. Characterization techniques

Samples for NMR were beneficiated by magnetic separa-

tion of ferromagnetic and strongly paramagnetic particles to

reduce linebroadening. 29Si, 27Al, 31P, and 23Na MAS NMR

spectra were acquired without decoupling using home-built

spectrometers equipped with Oxford Instruments narrow

bore superconducting magnets and Nicolet 1280 computers.
29Si spectra were acquired at 99MHz (7.4 T) using a standard

or fast spinning Doty MAS probe. The samples were packed

in 5- or 7-mm diameter zirconia rotors and MAS was

performed at 4–6 kHz. A radio frequency (RF) field of

approximately 40 kHz was used, and all spectra were

acquired with 45� pulses. 29Si chemical shifts are reported

to the nearest 0.5 ppm, and are referenced to TMS. 31P, 27Al,

and 23Na spectra were acquired at 116MHz (7.4 T), 130MHz

(11.7 T), and 132 MHz (11.7 T), respectively, using a Doty

fast spinning MAS probe. The samples were packed in 5-mm

diameter silicon nitride or alumina rotors and MAS was

performed at approximately 10 kHz. An RF field of approxi-

mately 60 kHz was used; spectra for 31P were acquired with

45� pulses, while for the quadrupolar species, 27Al and 23Na,

all spectra were acquired with short (1 ms) pulses in order to

minimize intensity distortions arising from quadrupolar

effects [18]. 31P, 27Al, and 23Na chemical shifts are reported

to the nearest 1 ppm, and referenced to phosphoric acid, 1 M

Al(H2O)6
3 + solution and solid NaCl, respectively.

XRD patterns were obtained using a Rigaku powder

diffractometer (Model D-max II) with monochromated

Cu(Ka1) radiation. Samples were finely powdered and sur-

face-dried in air, unless otherwise indicated. Peaks were

assigned by reference to the JCPDS database. Isothermal

calorimetry was performed at 45�C using an isothermal

conduction calorimeter (Quadrel K200, Digital Site Sys-

tems, Pittsburgh, PA). Samples were transferred to the

calorimeter directly after mixing, but � 30 min were

required before the calorimeter reached thermal equilibrium.

Compressive strength measurements were determined using

a multipurpose testing machine (Instron).

3. Results and discussion

3.1. Characterization of binder components

The Bogue composition of the Portland cement calcu-

lated using the procedure described in ASTM C-150 is

61.0% C3S, 18.5% C2S, 1.5% C3A, and 13.0% C4AF. The

XRD pattern (Fig. 3(a)) shows the usual phases. Some of the

gypsum has been dehydrated, and a small amount of

portlandite is also present. The 29Si MAS NMR spectra of

the cement has a composite peak centered at �� 72 ppm

due to the Q0 species3 in the alite and belite. The cement

exhibited only a very weak 27Al MAS NMR signal, with

broad peaks at approximately 90 and 12 ppm. The loss on

ignition (LOI) of 1.2% indicates that storage conditions for

the cement have been satisfactory and that no substantial

hydration or carbonation has occurred.

The major feature of the XRD pattern of the Class F fly

ash (Fig. 3(b)) was the broad diffuse peak centered at about

26� 2q due to the glassy phase of the fly ash. The position of

this peak is consistent with a glassy phase having a

relatively low calcium content [19]. The small sharp peaks

are due to traces of crystalline materials, predominantly

quartz, mullite, hematite, and magnetite. A scanning elec-

tron microscopy (SEM) examination showed occasional

large crystals of quartz in the fly ash. The 29Si MAS

NMR spectrum gives a very broad peak centered at

�� 97 ppm due to partially depolymerized silica or alumi-

nosilicate species in the glassy phase. The 27Al MAS NMR

of the fly ash contained a single broad resonance at

approximately 60 ppm assigned to tetrahedral (four coordi-

nated, Al[4]) species contained in the fly ash glass. The
23Na MAS NMR spectrum of the unreacted fly ash con-

tained a single broad peak at �� 25 ppm with a half-height

linewidth of approximately 2.5 kHz. There was very little
23Na signal for the cement or clay.

The XRD pattern of the attapulgite clay (Fig. 3(c))

showed a broad peak due to the clay (similar to those for

palygorskite) and a few weak peaks due to traces of quartz.

The 29Si MAS NMR spectrum contained two peaks with

chemical shifts of approximately � 91.2 and � 97.2 ppm,

3 In the Qn notation used to describe silicate polymerization, Q signifies

a silicate tetrahedron and n signifies the number of oxygen bridging to

adjacent tetrahedra.

Fig. 3. XRD spectra (Cu(Ka1)) of the dry raw materials showing: (a)

cement, (b) fly ash, (c) attapulgite clay, and (d) the dry blended solids.

A= attapulgite; O = alite and belite; Q = quartz; G = gypsum; F = ferrite;

H = hematite.
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which can be assigned to the two differently coordinated

silicate sites in the structure. The 27Al MAS NMR spectrum

showed a sharp peak at 7 ppm assigned to octahedral

aluminum (six coordinated, Al[6]).

The XRD pattern of the dry blended solids (Fig. 3(d))

contained peaks due to the various crystalline phases in the

individual solid materials discussed above and a broad

diffuse reflection centered at about 26� 2q due to the glassy

phase of the fly ash.

3.2. Characterization of mature wasteforms

3.2.1. X-ray diffraction

The XRD pattern of the wasteform hydrated adiabatically

for 12 months (Fig. 4(a)) showed major peaks due to sodalite

and smaller peaks for Na-P1 zeolite. There were also well-

resolved peaks due to C-S-H with a basal spacing of

approximately 1.1 nm. This C-S-H is significantly more

crystalline than the C-S-H formed during hydration of OPC

at ambient temperature [20]. In addition, a broad peak

centered at 31� 2q may be due to poorly crystallized zeolitic

material or residual fly ash glass. The identity of the relatively

crystalline C-S-H has been confirmed by extraction using a

solution containing 23 g salicylic acid in 100 ml methanol

with 2.5 g of wasteform, which is known to dissolve C-S-H

as well as anhydrous C2S and C3S [21,22]. The XRD pattern

of the residual solid after extraction (Fig. 4(b)) shows peaks

due primarily to the sodalite, zeolite, and calcite. The

difference spectrum, which approximates the XRD pattern

of the extracted material (Fig. 4(c)), is consistent with the data

recorded in the JCPDS file (Card Number 19-1364) for 1.1

nm tobermorite, but only some of the peaks are observed,

indicating significant structural disorder. Therefore, the mate-

rial formed is best considered a relatively crystalline C-S-H

with a layer spacing of 1.1 nm. This value contrasts with the

typical C-S-H formed during hydration of OPC at ambient

temperature, which has a layer spacing of 1.4 nm [20] and is

significantly less crystalline. The extraction procedure has

also attacked some of the other phases, causing partial loss of

the Na-P1 zeolite. The broad peak centered at 31� 2q is

largely unaffected by the extraction procedure. In addition to

the primary product phases, there were small and variable

amounts of quartz, primarily from the fly ash, and calcite,

probably arising from the carbonate in the waste solution and

calcium released from the solid blend.

3.2.2. Zeolite and feldspathoid phases

The zeolite Na-P1 is one of a series of synthetic P

zeolites that are structurally related to natural zeolites, such

as phillipsite and gismondine, all of which have close

structural similarities. Na-P1 has the normal formula

Na6Al6Si10O32�15H2O with a gismondine structure. This

structure is based on a ‘‘double-crankshaft’’ chain of linked

tetrahedra in which the smallest structural unit is the four-

ring (Al,Si)4O8 unit. These chains run parallel to both the a-

and b-axes to form a framework with eight-ring apertures

accessing intersecting channels [23]. It is readily synthe-

sized in the Na2O–Al2O3–SiO2–H2O system at 60–150�C
(e.g., from kaolinite and NaOH) and is also one product in

the reaction of Class F fly ash, or fly ash–cement mixtures

with 2.8 or 5 M NaOH at about 90�C [6], which is similar to

the conditions used in this paper.

Sodalite is a feldspathoid mineral with a framework

aluminosilicate structure based on cages containing an

ordered arrangement of 24 Al,Si tetrahedra in equal abun-

dance. It contains no essential water but does require both

cations and anions to be present in the cages. Its nominal

formula is Na6Si6Al6O24�2NaX�nH2O with the sodium salt

encapsulated in the cages. The anion X can vary widely

[24] and though Na(OH) (giving hydroxysodalite) is likely

to predominate under the conditions of the wasteform,

some NaNO3, NaNO2, and Na2CO3 might also be encap-

sulated. In addition, there may be some replacement of Na

by Ca. The composition of the sodalite in our samples

cannot be determined from the XRD patterns, because the

peaks are relatively broad and overlap significantly, even

after extraction of the C-S-H. Sodalite is not a zeolite,

because the cages are densely packed (many zeolites have

structures based on open packings of sodalite cages).

Because of its relatively dense structure, the cations and

anions in the cages are not readily exchanged, making it a

relatively attractive phase for encapsulation of waste. In the

absence of cement, cancrinite, a framework aluminosilicate

related to sodalite by different stacking of layers, has been

observed [25] under similar conditions. The close structural

similarity between sodalite and cancrinite is well recog-

nized and the two can coexist under certain synthetic

conditions [24]. In this wasteform, however, sodalite is

the predominant phase formed, as indicated by the presence

Fig. 4. XRD spectra (Cu(Ka1)) showing: (a) the wasteform, hydrated

adiabatically for the first 3 days and thereafter at 90�C for 1 year, (b) sample

of (a) after extraction of C-S-H using a solution of salicylic acid in

methanol, and (c) difference spectrum, giving an approximate XRD pattern

for the extracted material. A= attapulgite; B = unreacted binder; C = calcite;

P=Na-P1 zeolite; Q = quartz; S = sodalite; T = relatively crystalline C-S-H

having a layer spacing of 1.1 nm; U= unassigned; X = various overlapping

peaks, in region indicated by horizontal line.
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of the (200) reflection at � 19.5� 2q, which is not found

for cancrinites.

3.2.3. NMR spectroscopy

The 29Si MAS NMR spectrum of the unreacted dry

blended solids (Fig. 5(a)) contained peaks readily assignable

to the individual components of the dry blend. The com-

pound peak centered at � 72 ppm arises from monomeric

Q0 silicate species in the anhydrous cement. The two peaks

at � 91.5 and � 97.5 ppm arise from the two Q3 species in

the attapulgite clay, and the very broad peak centered at

�� 97 ppm arises from a continuous range of Qn(mAl)4

species in the glassy phase of the fly ash. Integration of

the areas of the different peaks indicates that there is

significant loss of signal from the silicate species in the

fly ash, probably due to the presence of paramagnetic

species in its structure.

The 27Al MAS NMR spectrum of the dry blended solids

(Fig. 6(a)) consisted of two major peaks, a broad asym-

metric Al[4] peak at � 60 ppm and a sharper Al[6] peak at

� 7 ppm. By comparison with the individual components,

the Al[4] is assigned to species in the glassy phase of the fly

ash and the sharper Al[6] peak is assigned to species in the

attapulgite clay.

The 29Si MAS NMR spectra of the 1-year-old wasteform

(Fig. 5(b)) contain resolved peaks at � 82.5, � 87, � 92,

and � 97 ppm. In addition, there is a low peak at �� 79

ppm, and the peak at �� 87 ppm was skewed, with a

shoulder to low field (�� 85 ppm). The resonances at

�� 79, �� 82.5, and �� 85 ppm can be assigned to Q1,

Q2(1Al), and Q2 species, respectively, in C-S-H chains with

silica, partially substituted by aluminum. These assignments

are made by comparison with spectra from samples of pure

C-S-H [26,27] and from C-S-H containing a high level of

aluminum substitution [28–30]. The 29Si linewidths were

large, indicating that the silicate species are very poorly

crystalline. The spectrum after extraction of the C-S-H and

calcium silicates using excess salicylic acid in methanol

(Fig. 5(c)) contained a distinct peak at � 87.5 ppm, which

can be assigned to the Q4(4Al) species of sodalite and

possibly the Na-P1 zeolite. The peaks at �� 92 and

�� 97.5 ppm include, respectively, contributions from

Q4(3Al) and Q4(2Al) sites in the Na-P1 zeolite. There

may be contributions from the two Q3 species in attapulgite,

but this phase has been largely removed during reaction.

The 27Al MAS NMR spectrum of the aged wasteform

(Fig. 6(b)) contained primarily a single resonance with

maximum intensity at 62 ppm, corresponding to Al[4]

species in the product phases. This peak had a much

narrower linewidth than that of the Al[4] in the fly ash

glass. It is not possible to resolve separate peaks for Al in

the sodalite, zeolite, and C-S-H, due to peak overlap. The

fraction of total Al substituted into the C-S-H, however,

should be small relative to that in the zeolites, based on

the 29Si spectra. By comparison with Al[4] species in

Fig. 5. 29Si MAS NMR spectra acquired at 99 MHz showing (a) the dry

blended solids, (b) the wasteform, hydrated adiabatically for the first 3 days

and thereafter at 90�C for 1 year, and (c) as (b), but after extraction of C-S-H

using a solution of salicylic acid in methanol.

Fig. 6. 27Al MAS NMR spectra acquired at 130 MHz showing (a) the dry

blended solids and (b) the wasteform, hydrated adiabatically for the first

3 days and thereafter at 90�C for 1 year. ssb = spinning sideband.

4 In the Qn(mAl) notation used to describe aluminosilicate polymeriza-

tion, Q signifies a silicate tetrahedron, n signifies the number of oxygen

bridging to adjacent tetrahedra, and m denotes the number of adjacent

tetrahedra that contain a central Al atom rather than Si.
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other systems [28–30], we would expect the Al substi-

tuted into C-S-H to form a relatively broad peak between

� 55 and � 75 ppm. In sodalite, the 29Si and 27Al shifts

are correlated [31], and the observed 29Si shift of

� 87.5 ppm predicts an 27Al shift of approximately

62 ppm, which is indeed the observed Al[4] peak posi-

tion. It appears, then, that the observed Al[4] peak at

62 ppm consists of a sharper peak due to Al[4] species in

sodalite and a broader overlapping peak due to Al[4] sites

substituted in C-S-H. The small peak at 7 ppm for the

aged sample is probably due to a small amount of

residual attapulgite, but could also indicate the presence

of an AFm phase.

The 31P MAS NMR spectra of a number of wasteform

samples all contained a single peak at � 5 ppm, consistent

with the presence of monophosphate groups in an inor-

ganic solid. Thus, the phosphate originally present in

solution, which would give a much sharper resonance,

was precipitated. This observation is in agreement with

earlier results [10,12] showing rapid loss of phosphate

from solution in similar wastes. It is not possible to

determine further details about the precipitated material,

which was not observed by XRD.

The 23Na MAS NMR spectra of the 1-year-old waste-

form contain a single peak at �� 10.5 ppm, with a half-

height linewidth of about 1 kHz. (The raw materials gave

only a broad weak signal at � 25 ppm.) The chemical

shift in the wasteform is consistent with 23Na in solution

[32], in sodalite cages [33], or in a mixture of products,

as is expected from pore solution chemistry studies of

similar systems [10,12]. In these studies, about half the

sodium was immobilized into solid phases and the

remainder was in the solution. A sample of sodalite

imbibed with sodium nitrite synthesized in our laboratory

gave a sharp peak at approximately � 8.5 ppm. Note that

23Na MAS NMR spectra can be difficult to interpret,

because of quadrupolar effects and peak overlap, so

assignments are tentative.

3.2.4. Gel composition

The microstructure of the gel formed in these pastes, as

described previously [2], consisted of a relatively featureless

space-filling gel in which relics of the fly ash grains were

seen in fracture surfaces. The composition of the gel was

highly variable [24,34]. Therefore, it was not possible to use

analysis in the scanning electron microscope to determine

compositions of individual phases. While XRD suggests the

presence of particular phases, it should be noted that it is

likely that there is substitution so that these phases do not

have their ideal compositions.

The C-S-H in the 1-year-old wasteform contains few Q1

species relative to the Q2(1Al) and Q2 species (Fig. 7(b)),

indicating that the aluminosilicate chains were quite long.

The overlap of the peaks at � 85 and � 87.5 ppm makes

quantification difficult, but an average aluminosilicate chain

length of 10 or more can be estimated.5 This is long

compared with C-S-H formed by hydration of C3S at

20�C, which has an average chain silicate length of approxi-

mately three at the same age [27].

Trimethylsilylation data did not indicate the presence of

highly polymerized species [35]. This is to be expected,

since aluminosilicate species are cleaved at the Al sites [36].

Thus, a chain with every third silicate site substituted with

Al will analyze as dimer.

5 We define the average chain length, L, from the ratio of middle-chain

groups and end-chain groups, assuming no cross-linking Q3 or Q4 species.

We include aluminate groups in this calculation, assuming that each

aluminate group occupies a Q2(2Si) site, and that there are no chain-

terminating aluminate groups. Then, L= 2+(2I(Q2) + 3I(Q2(1Al)))/I(Q1).

Fig. 7. XRD spectra (Cu(Ka1)) of the wasteform hydrated: (a) isothermally at 45�C, (b) adiabatically for the first 3 days and thereafter at 90�C, and (c)

isothermally at 90�C. Labels are as given for Fig. 4, additionally Ch = possibly chabazite; H and M=various AFm phases (probably H= hemicarboaluminate,

M= full carbonate AFm).
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3.3. Phase evolution

Analysis of wasteform samples withdrawn and quenched

at early stages of hydration showed a complex evolution of

the crystalline phases. Samples hydrated isothermally at

45�C (for comparison with the calorimetry data) and at

90�C, and heated from 45�C to 90�C over 3 days (simulated

adiabatic hydration) were studied using powder XRD and

MAS NMR spectroscopy. Selected regions of the XRD

patterns showing representative peaks for the important

species are presented in Fig. 7. The XRD patterns for the

three curing conditions after 28-day reaction are shown in

Fig. 8. Titanium dioxide was added as a quantitative

standard, and all the samples were prepared in a similar

manner and had a similar bulk chemical composition,

allowing peak heights to be compared; full quantitative data

were not available, however, since some of the phases

present were only semicrystalline and for others, the exact

composition was not known, so that quantitative standards

could not be prepared. Hydration was stopped by grinding

in methanol, and the samples were then air-dried and

reground before mounting in the XRD sample holders.

The initial reaction product is an AFm phase, which

gradually disappears with the concomitant formation of

sodalite (Fig. 7). The maximum amount of AFm occurs at

1 day at 45�C and at 9 h under adiabatic conditions.

However, the amount of sodalite continues to increase after

AFm is no longer observed. AFt phases (ettringite), which

form from tricalcium aluminate early in the hydration of

conventional cement pastes, were not observed. AFm is a

family of compounds based on a layer structure [CaA-

l(OH)6�H2O]
+ that is charge-balanced by anions located

in the interlayer space. It forms in conventional cement

pastes with SO4
2� as the charge balancing anion, but here

the d-spacing of 0.82 nm is consistent with hemicarboalu-

minate, which contains CO3
2� and OH � ions. Never-

theless, inclusion of NO3
3� , NO2

2� , or SO4
2� cannot

be ruled out. (The PO4
3 � ion is precipitated rapidly,

probably as hydroxyapatite [10,12].) It is not possible to

determine from XRD or NMR data the exact composition of

the interlayer anions.

Similar results were obtained using 29Si and 27Al MAS

NMR to follow the hydration process of the adiabatically

cured samples. In the 29Si MAS NMR spectra (Fig. 9), the

peak due to Q4(4Al) was clearly visible by 24 h of hydra-

tion; at later ages, peaks due to C-S-H could be observed. In

the later spectra, the peak due to fly ash glass is not readily

observed. The intensity of this peak is known to be

influenced by the presence of iron in the fly ash glass,

and correct quantitative analysis is not possible. In the 27Al

MAS NMR (not shown), a sharp peak similar to that due to

Al[4] species seen in the aged wasteform becomes predo-

minant by 24 h.

To our knowledge, initial formation of an AFm phase

followed by conversion to sodalite has not been previously

observed in hydrating cement systems, but because these

two phases are principal repositories of anionic species,

their involvement in reactions in this complex system is

reasonably expected. The AFm phase probably has a + 2/

+ 3 ratio (probably mostly Ca/Al) close to 2/1, because

these phases show little deviation from this ratio [20].

Sodalite contains Al, Si, Na, and possibly Ca, and various

anions. Thus, the conversion of AFm to sodalite cannot

involve a simple structural reorganization, but must take

place by a through-solution process with substantial com-

Fig. 8. XRD spectra (Cu(Ka1)) for samples of the wasteform hydrated for

28 days (a) isothermally at 45�C, (b) adiabatically for the first 3 days and

thereafter at 90�C, and (c) isothermally at 90�C. Labels are as given for

Fig. 4, additionally I = TiO2 (rutile) for intensity normalization.

Fig. 9. 29Si MAS NMR spectra showing the evolution of the hydrating

wasteform.
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positional changes and involvement of other species. For-

mation of sodalite probably occurs from species released by

AFm decomposition, and by further reaction of cement and

fly ash.

Zeolite Na-P1 begins to appear as a distinct phase by

2 days under adiabatic conditions and at 90�C (Fig. 7(a) and

(b)). With isothermal curing at 90�C (Fig. 7(c)), the peaks at

9.3� and 15.8� 2q (0.95 and 0.55 nm) suggest limited

formation of chabazite (possibly sodium substituted). Cha-

bazite is a naturally occurring calcium zeolite of formulae

Ca2Al4Si8O24�13H2O, and is not easily synthesized [23],

although theCs-substituted analogue forms readily in calcium

aluminate cement/silica fume blends hydrated with CsOH

[8,9]. However, chabazite does not form under the adiabatic

curing conditions likely to be experienced in practice.

The more severe curing regimens also seemed to cause

reaction of the attapulgite, with significant quantities of

attapulgite only remaining for isothermal curing at 45�C.
These results indicate that reaction continues after the

initial period of rapid hydration, and that, eventually, high

proportions of the fly ash and the clay react (the latter at

higher temperatures). If these continuing reactions are

exothermic, then the total adiabatic temperature rise may

be significantly higher than that predicted from analysis

of adiabatic calorimetry data for the first few days of

hydration. A higher temperature than predicted could

possibly cause unexpected damage to large monoliths

made from this wasteform, or to vaults designed with

the assumption of the predicted upper temperature limit. If

the temperature rose sufficiently high, then problems

would also be experienced with pore solution boiling.

3.4. Calorimetry

Isothermal calorimetry of the hydrating samples per-

formed at 45�C (Fig. 10) shows an initial exothermic

reaction during the first � 5 h, followed by a period of

lower heat output and then a distinct exotherm at approxi-

mately 20 h. At this temperature, the majority of the AFm

phase forms at about 20 h (Fig. 7(a)). Thus, the hydration of

this system is broadly similar to that of OPC, with an initial

period of reaction, an induction period, and a period of

rapid hydration and formation of the principal product

phases. However, there is clearly more heat developed

before 10 h.

Adiabatic calorimetry (Fig. 2, line (a)) has been per-

formed by PNL laboratories [3,17] as part of the wasteform

development procedure. After an initial period of high heat

output (Fig. 2, line (c)), there is reduction of heat output.

Their results have been verified here using a home-built

adiabatic calorimeter [25]. A distinct exotherm at about 5 h

correlates with the formation of the majority of the AFm

phase (see Fig. 7(b)). This exotherm is equivalent to the

exotherm at 20 h, which occurs during isothermal calori-

metry at 45�C. Thus, it appears that the chemistry is largely

unchanged by the initial curing conditions.

3.5. Strength development

The compressive strengths of the wasteform samples rose

to a maximum recorded value of 8.5 MPa at 14 days and fell

significantly thereafter (Fig. 11). Similar results [10,15]

were found for samples formulated with a simplified waste

solution, as indicated by the components in bold type in

Table 1. Samples with a 20% lower liquid/solids ratio

continued to gain strength after 14 days [10]. Samples

prepared from diluted waste did not lose strength [15].

Variation of solid blend composition was also found to

cause significant changes in mineralogy and strength devel-

opment [37]. Changes in reactivity of the materials, for

example, by alteration of the fly ash source, are also likely

to cause significant changes. The variability of these results

suggests that the strength development depends sensitively

Fig. 10. Conduction calorimetry for the wasteform hydrated isothermally at

45�C.

Fig. 11. Strength development of the wasteform cured adiabatically for

3 days and thereafter at 90�C. Coefficients of variation are approximately

5% of the actual compressive strengths.
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upon solution concentration, solution binder ratio, and dry

blend composition and provenance.

Wasteform samples hydrated isothermally at 45�C and

90�C had 28-day compressive strengths of 5.8 and 6.6

MPa, respectively, compared with 6.5 MPa for the adia-

batically cured samples. The similarity of these results

suggests that the initial temperature profile is not an

important factor in determining the wasteform strength

development, despite its effects on early age mineralogy.

This observation is consistent with the similar final miner-

alogy formed under the different curing regimens reported

in earlier sections of the paper. The pore solution chem-

istry also approaches a uniform composition for a range of

curing temperatures [10,12], although its rate of change is

temperature-dependent.

We do not have an explanation for the loss of strength

during the period from 14 to 28 days. Possible causes might

include recrystallization of an early-formed C-S-H gel to

give the C-S-H, which shows a clear basal spacing. This

reaction would reduce the volume of the products and, thus,

cause a loss of strength. (Tobermorite formation does not

cause strength loss in autoclaved pastes [20] but the high

solution/solid ratio in the wasteform is likely to make it

more susceptible to strength loss.) Alternatively, it is possi-

ble that some of the early-formed C-S-H could be converted

into further zeolites, again leading to a reduction in product

volume and loss of strength. In the very long term, con-

tinued evolution of products might cause further significant

changes in the strength, mineralogy, and pore structure of

these materials.

Many of the properties of the wasteform will be deter-

mined by the physical distribution of the products, and by

their chemical compositions. Comprehensive studies incor-

porating SEM study of the microstructure and extensive

SEM and transmission electron microscopy (TEM) micro-

analysis are required to improve understanding of the

composition and distribution of the products, and aid pre-

diction of long-term properties.

4. Conclusions

The reaction of a cementitious binder of high fly ash

content (68.3%) with a simulated alkaline waste solution

extensively modifies the hydration chemistry of the binder

compared to standard OPC hydration. Early formation of

AFm phase causes a distinct exotherm after 5 h of

adiabatic hydration. The AFm then decomposes, releasing

aluminum to form hydrated sodium aluminosilicates (per-

haps partially substituted with calcium) that crystallize as

sodalite and Na-P1 (gismondine) zeolites. The calcium

zeolite chabazite may also form at 90�C, the maximum

adiabatic temperature. These materials are not found in

ordinary cement systems. The temperature regime over the

first few days caused only minor changes in the zeolite

mineralogy and was not important in determining the long-

term properties of the wasteform. A quasi-crystalline Al-

substituted C-S-H gel with a layer spacing of 1.1 nm is

also formed. This contains longer silicate chains, and has a

higher level of Al substitution and a lower layer spacing

relative to C-S-H gel formed by conventional cement

hydration at ambient temperature.

In mature wasteforms, further reaction of the fly ash

forms more zeolites. This slow ongoing reaction may liberate

some additional heat upon prolonged curing, and short-term

laboratory experiments may significantly underestimate the

long-term adiabatic temperature rise. Clearly, such a tem-

perature rise could cause significant damage to large mono-

liths of this material, an important practical implication.

There is a major loss of strength after 14 days of

hydration; possibly due to recrystallization of the C-S-H

gel, or its conversion to zeolites. Continued crystallization

could cause significant changes in the pore structures of

these materials at later ages. Comprehensive studies incor-

porating SEM and TEM study of the microstructure and

extensive TEM microanalyses would be required to char-

acterize fully the composition and distribution of the pro-

ducts, and to aid prediction of long-term properties.
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