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Abstract

One treatment option for municipal solid waste incinerator fly ash (IFA) is vitrification. The process yields a material containing reduced
levels of trace metals relative to the original ash. The material is glassy and potentially suitable as a cement component in concrete. This
paper examines the vitrification of an IFA and studies the hydration reactions of combinations of this vitrified material and Portland cement
(PC). Isothermal conduction calorimetry, powder X-ray diffraction (XRD), thermogravimetry (TG) and scanning electron microscopy were
employed to study the hydration reactions. As the levels of vitrified ash increase, the quantities of AFt phase produced decrease, whilst
quantities of AFm phase increase, due to the reduced levels of sulfate in the vitrified ash. The levels of calcium silicate hydrate (CSH) gel
(inferred from estimates of quantities of gel-bound water) remain constant at 28 days regardless of vitrified ash content, indicating that the

material is contributing toward the formation of this product.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

One way in which the potential environmental hazards
posed by incinerator fly ash (IFA) derived from the com-
bustion of municipal solid waste can be minimised is by
vitrification—melting the material and subsequently rapidly
cooling it to yield a glassy solid [1]. The process of
vitrification removes a significant quantity of toxic trace
metals due to the volatilisation of many of the compounds
containing such metals [2,3]. These compounds can be
collected via filters on condensation and may be processed
to extract valuable metal components. The remaining mate-
rial is converted into an essentially benign solid, which can
be safely disposed of.

Given the nonhazardous nature of the remaining solid,
alternatives to disposal can be considered, including its use
in construction applications. One possible application is as a
construction aggregate. However, given the potential risk of
alkali-silica reaction in using both natural and synthetic
silicate-bearing glassy materials as aggregate [4,5], this
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approach is not ideal. The composition and glassy nature
of the material, however, often means that it is capable of
undergoing pozzolanic or latent hydraulic reactions in
combination with hydrating Portland cement (PC) [6].
The feasibility of this mode of use has been clearly
demonstrated [7].

This paper represents an attempt to better understand
these reactions through X-ray diffraction (XRD), thermal
analysis, isothermal conduction calorimetry measurements
and scanning electron microscopy conducted on pastes
containing PC and vitrified IFA (VIFA).

2. Materials and methods
2.1. Materials

The IFA used in the study was selected because its
composition made it unsuitable for direct combination with
PC due to its retarding influence on cement hydration
probably because of its high zinc and lead content [8]. The
major oxide analysis of the ash (determined using X-ray
fluorescence [XRF] spectrometry) is shown in Table 1 along
with that for the PC used. The trace metal content of the ash
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Table 1
Major oxide analysis of the PC, IFA and VIFA used for the study

PC IFA TFA, normalised to 100% VIFA
(including trace metals)

CaO 64.9 15.12 16.51 27.65
Al,O4 5.0 10.42 11.38 16.33
SiO, 21.1 18.81 20.54 40.62
K>,0 0.6 5.31 5.80 1.14
Na,O 0.3 8.00 8.74 2.15
Fe,05 2.7 2.02 221 3.35
MnO 0.1 0.06 0.07 0.13
MgO 1.6 1.23 1.34 3.48
P,0s - 0.77 0.84 1.34
TiO, 0.2 1.57 1.71 2.93
Cl™ 0.03 7.62 8.32 1.45
SO5 33 16.52 18.04 1.19

(also measured using XRF spectrometry) is shown in Table 2,
whilst the mineralogies of both the IFA and the PC, estimated
from powder XRD traces using Rietveld refinement methods,
is shown in Table 3. The term “others” in this table refers
largely to amorphous material but may include small quan-
tities of unidentified crystalline minerals. The sum of the
major oxide and trace metals analyses for the IFA is notably
<100, and it is probable that the remainder of the material
largely comprises water and carbon dioxide (which were not
analysed for). For this reason, the major oxide analysis in
Table 1 is also shown normalised to 100% (including trace
metals) for later comparison with the vitrified material.

2.2. Vitrification

The ash was heated in an alumina crucible in a high
temperature furnace to a temperature of 1500 °C at a rate of
10 °C/min. After holding at this temperature for 1 h, the
crucible was removed and the molten ash was poured onto a
stainless steel surface where it was left to cool. The black,
glassy solid was then transferred to a ball mill where it was
pulverised. The resulting powder was then passed through a
68 um sieve.

In parallel with this vitrification process, simultaneous
thermogravimetry (TG) and differential thermal analysis
(DTA) were carried out on a 10 mg IFA sample in a static

Table 2
Trace metal oxide analysis of the IFA and VIFA used for the study
IFA VIFA

ZnO 2.48 2.63
PbO 091 0.11
Sb,05 0.17 0.32
CuO 0.15 0.04
SnO, 0.12 0.34
Cr0; 0.08 0.11
BaO 0.07 0.00
SrO 0.05 0.05
NiO 0.03 0.02
ZrO, 0.03 0.03
CdO 0.02 0.00

Table 3

Mineralogical analysis of the PC and IFA used

Mineral phase Chemical formula IFA PC

Calcite CaCOs; 4.0 -
Anhydrite CaSOy4 12.6 7.1
Halite NaCl 5.8 -
Sylvite KcCl 3.9 -
Quartz SiO, 6.3 -
Melilite (Ca,Na),(AL,Mg)(Si,Al),0 9.0 -
Petalite LiAISiO4 1.0 -
Friedel’s salt CasALOxCly-10H,O 1.3 -
Albite NaAlSi;Og 4.5 -
C3A Ca3A1206 1.7 6.7
C4AF CasAlLFe,049 - 9.3
C;S Ca;3SiOs - 48.6
C,S Ca,SiOy - 243
Portlandite Ca(OH), - 1.7
Syngenite K,Ca(S04),-H,O - 2.3
Others - 499 -

air atmosphere up to a temperature of 1200 °C at a rate of
20 °C/min.

2.3. Compressive strength

Compressive strength measurements were made at ages
of 2, 7 and 28 days on mortar prisms (dimensions
40 x 40 x 160 mm), prepared and tested in accordance with
BS 196 Part 2 [9]. The procedure involves mixing 450 g of
the cement components (PC and VIFA) together with 225 g
of tap water in a 5 I mixing bowl. CEN standard sand (1345
g) is then added and mixed thoroughly. The mixture is then
transferred to three lightly oiled moulds in two layers and
compacted with the aid of a vibrating table. After 24 h of
being stored in an atmosphere of 20 °C and relative
humidity of 95%, the prisms are demoulded, labelled and
stored in a water curing tank at a temperature of 20 =2 °C
until required.

Specimens were prepared containing VIFA at PC
replacements of 10%, 20%, 30% and 40% by mass. Control
mortar specimens containing no VIFA were also prepared.
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Fig. 1. TG and DTG trace obtained from the IFA. Indicated on the trace are
temperatures at which various pure compounds identified in the ash melt or
decompose.
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Fig. 2. Position of the original IFA and VIFA on the CaO-SiO,-Al,05
ternary diagram. See text for the significance of the shaded areas.
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Fig. 3. Powder XRD trace obtained from VIFA.

2.4. Hydration chemistry

A range of methods was used to investigate the hydration
chemistry of pastes containing PC and VIFA. The effect of
the VIFA on the kinetics of early PC hydration was assessed
using isothermal conduction calorimetry. The longer-term
reactions occurring in the paste were monitored using TG and
powder XRD.

Pastes with a water/cement ratio of 0.5 were used
throughout, prepared using distilled water and mixed by
hand. Pastes containing 10%, 20% and 40% VIFA by mass
were prepared along with controls containing only PC. The
pastes used for analysis using TG and XRD were cast into
cylindrical polyethylene moulds (internal diameter 25 mm,
internal depth 35 mm) and sealed for 24 h. After this period,
the lids of the moulds were opened and the specimens were
cured in water at a temperature of 20 °C. Specimens were
removed at ages of 2, 7 and 28 days and 1 year and
hydration was arrested by grinding by hand with acetone
before drying under vacuum at a temperature of 40 °C.

2.4.1. Isothermal conduction calorimetry

Thirty grams of solid material were used for the isother-
mal conduction calorimetry measurements, which were car-
ried out at a temperature of 20 °C. Distilled water was
combined with the solids at a water/cement ratio of 0.5.
Measurements were carried out for the first 72 h of hydration.

2.4.2. Thermogravimetry

TG measurements were carried out in a nitrogen atmo-
sphere with platinum crucibles containing a 10 mg sample.
The furnace temperature was raised from ambient temper-
ature to 1000 °C at a rate of 2 °C/min.

2.4.3. Powder XRD
Powder XRD was carried out using a Philips diffractom-
eter with a CuKa radiation source and a single crystal

Fig. 4. Scanning electron microscope images of the VIFA after grinding in a laboratory ball mill. The bar on each image corresponds to a distance of 10 pm.
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graphite monochromator. An angular range of 3—-70° 20 in
0.05° 20 increments was used throughout.

Estimates of the quantities of crystalline phases in the
pastes were obtained by applying Rietveld refinement
techniques to the XRD traces obtained. This was carried
out using the computer programmes X-FIT and KOALAR-
IET [10—14].

Rietveld refinement is only able to easily handle crys-
talline phases, and amorphous materials (in this case, in the
form of calcium silicate hydrate [CSH] gel and the vitrified
ash) cannot be quantified directly. However, by determin-
ing the quantity of portlandite (Ca(OH),) in each paste
using TG, this phase could be considered as an internal
standard in the pastes. Thus, the quantity of each crystalline
phase could be determined from the Rietveld refinement

output, and the quantity of total amorphous material was
deduced.

2.5. Scanning electron microscopy

Scanning electron microscopy was carried out on a Jeol
35 microscope. Specimens were mounted onto aluminum
stubs using double-sided adhesive carbon discs and sputter
coated with gold. To ensure that electrical charge was
efficiently carried away from cement paste specimen surfa-
ces, a line of silver paint was applied connecting the
specimen sides to the stub.

3. Results
3.1. Vitrification

The major oxide analysis of the vitrified ash (obtained
using XRF spectrometry) is shown in Table 1. It is apparent
that the composition of the resulting glass is enriched in
terms of calcium, aluminum, silicon, iron, magnesium,
manganese, phosphorous and titanium relative to the orig-
inal ash. The material contains significantly less sodium and
potassium, as well as chloride and sulfate, presumably due
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Fig. 5. Compressive strength development of mortars containing VIFA.
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Fig. 6. Rate of heat evolution plots for pastes containing PC and VIFA
obtained using isothermal conduction calorimetry.

to the volatilisation of the chloride- and sulfate-bearing
compounds present in the original material.

Fig. 1 shows the TG and differential TG (DTG) traces
obtained after heating the ash up to 1200 °C. Clearly, above
600 °C, there is a fairly steady loss of mass due to the
volatilisation of various components of the ash. Based on
the change in chemical composition of the ash during the
vitrification process and the nature of the minerals present,
temperatures at which key events occur have been marked
on the traces. These events are:

1. The melting of KCI and NaCl that occurs at 773 and
804 °C, respectively [15]. Both compounds tend to
volatilise shortly after melting.

2. The thermal decomposition of calcite at around 899
°C to give solid calcium oxide and carbon dioxide gas
[16].

3. The thermal decomposition of anhydrite at around
1060 °C [17].
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Fig. 7. Levels of portlandite measured in pastes containing PC and VIFA at
ages of up to 1 year.



I'D. Dyer, R.K. Dhir / Cement and Concrete Research 34 (2004) 849-856 853

N
o

N
o

-
o

GEL-BOUND WATER, % mass
&

2days 7days 28days 1year
5 —— —— —— —F—

0 10 20 30 40 50
VIFA CONTENT, % mass

Fig. 8. Estimated levels of gel-bound water measured in pastes containing
VIFA at ages of up to 1 year. Dotted lines correspond to gel-bound water
levels, which would be expected if the VIFA were entirely inert.

It should be noted that the temperatures at which these
events occur are strongly influenced by experimental con-
ditions and the presence of other compounds, so it is
unlikely that they occur at these precise temperatures during
the vitrification of a complex mixture such as IFA. The
relatively close proximity of these temperatures also means
that it is difficult to identify individual events, even when
the differentiated trace is examined.

Fig. 2 shows the position of both the original IFA and the
VIFA on the CaO-Si0,-Al,0; ternary diagram. Also shown
in this diagram is the region defined by Smolczyk [18] as
being inhabited by latent hydraulic materials such as ground
granulated blast furnace slags defined by the relationships
0.5<Ca0/Si0,<2.0 and 0.1 <Al,05/S10,<0.6. Clearly,
the vitrified ash is positioned well within this region.

Table 2 shows the trace metals analysis of both IFA and
VIFA. The VIFA is enriched in terms of zinc, antimony and
tin. In contrast, the vitrification process has clearly led to the
volatilisation of lead, copper and possibly cadmium and
barium, although the low quantities of these two metals
make confirmation of their volatilisation difficult.

The powder XRD trace for the vitrified material is shown
in Fig. 3. The absence of any sharp diffraction peaks denotes
a material that is almost entirely amorphous. Fig. 4 shows
particles of VIFA after grinding as observed using the
scanning electron microscope. They can be seen to be
angular in nature with smooth featureless fracture surfaces
similar to ground granulated blast furnace slag.

3.2. Compressive strength development
Fig. 5 shows the development in compressive strength in

the mortar prisms containing VIFA along with the control
mortar containing only PC as a cement component. With
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Fig. 9. Powder XRD traces obtained from pastes containing 40% VIFA at ages of 2, 7 and 28 days and 1 year. Traces are offset for clarity. E = ettringite,
M =monosulfate, C=calcite, P=portlandite, C4AF = tetracalcium aluminoferrite, C,S =dicalcium silicate, C3S = tricalcium silicate.
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relatively low levels of vitrified ash, strengths are initially
somewhat lower than the control. However, by 28 days,
compressive strengths matching those of the control are
achieved. When VIFA makes up a more significant propor-
tion of the cement fraction, strengths lower than the control
are achieved even at an age of 28 days.

3.3. Isothermal conduction calorimetry

Fig. 6 shows the isothermal conduction calorimetry
curves obtained from the full range of combinations of
VIFA and PC. The kinetics of PC hydration are only slightly
modified by the presence of the vitrified material, with a
slight retarding effect evident in combinations containing
10% and 20% VIFA. It is of interest to note that no
retardation of PC hydration is observed for the 40% VIFA
paste.

3.4. Thermal analysis and powder XRD

Fig. 7 shows the quantities of portlandite measured in
each paste at ages of 2, 7 and 28 days and 1 year using TG.
In the pastes containing no VIFA, the levels of portlandite
increase with time as the compound is generated by the
hydration of the calcium silicates present in PC. At early
ages, there is also an increase in portlandite in pastes
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containing VIFA. However, at later ages, portlandite levels
drop, implying the occurrence of a reaction between this
compound and the VIFA. This drop in portlandite becomes
more pronounced as the quantity of VIFA increases.

The products of the reaction of portlandite with VIFA
may be both CSH gel and aluminate hydrates in varying
quantities, which can strongly influence strength develop-
ment and other properties. Obtaining a direct measure of
CSH content is effectively impossible using powder XRD
and thermal analysis alone because XRD cannot easily
distinguish between different amorphous materials (in this
case, the gel and the VIFA). However, an estimate of the
quantity of gel-bound water is possible by subtracting the
water associated with the crystalline hydration products,
determined using Rietveld refinement, from the total bound
water in the paste, determined using TG.

Estimated gel-bound water contents are shown in Fig.
8. Also plotted on this graph (as dotted lines) are the levels
of gel-bound water that would be expected if the VIFA
was entirely inert. With the exception of a slight drop in
gel-bound water between ages of 2 and 7 days, there is an
overall increase in gel-bound water as the pastes age. In all
cases, the gel-bound water levels exceed those that would
be expected for an entirely inert PC replacement, indicat-
ing that CSH gel is being generated as a result of the
vitrified material’s reaction. The rate of increase in gel-
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Fig. 10. Ettringite and monosulfate in pastes containing PC and VIFA at ages of up to 1 year.
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bound water content rises with VIFA content, so much so
that an almost equal quantity is present in all the pastes at
an age of 1 year.

Fig. 9 shows diffraction traces obtained from pastes
containing 40% VIFA. Two calcium aluminate hydrates
were identified in the hydrating pastes—the AFt phase
ettringite (C6A§3H32) and the monosulfate AFm phase
(C4A§H12). The quantities of these two phases in each
of the pastes at ages of 2, 7 and 28 days and 1 year are
shown in Fig. 10. In all pastes, the formation of these
phases follows the pattern normally encountered in hydrat-
ing PC. Initially, ettringite is formed in large quantities, but
once the soluble sulfates within the paste are exhausted,
further reaction of aluminates in both the cement and the
vitrified material leads to the conversion of ettringite to
monosulfate. There is a general increase in monosulfate
content as VIFA levels increase, coupled with a decrease in
ettringite levels, due to the relatively low sulfate content of
the glassy material. There is a slight increase in the total
quantities of AFm and AFt phases as vitrified ash levels
increase, indicating that this material is contributing toward
their formation.

3.5. Scanning electron microscopy

Fig. 11a—d shows particles of VIFA in the cement matrix
at an age of 1 year. The particles show signs of etching
presumably resulting from their cementitious reactions. It is
worth noting that the particles appear to have been etched
more heavily at particular points on their surface, suggesting

Fig. 11. (a/c) VIFA particles embedded in the cement paste matrix and (b/d)
detail of the etched surfaces of these particles.

Fig. 12. (a) Impression in the cement paste matrix left by a particle of VIFA
and (b) detail of the hydration products at the impression surface.

that the vitrified material’s composition varies throughout its
volume and may indicate two or more glassy phases.

Fig. 12 shows an impression at the paste fracture
surfaces where a particle of VIFA has been pulled out,
giving an indication of the nature of the hydration products
formed near the surface of these particles, and which are
likely to be derived in part from the reactions of the VIFA.
CSH gel and hexagonal crystals of either monosulfate or
portlandite are clearly visible. However, a significant num-
ber of approximately spherical particles can also be seen,
whose identity is less certain. Because the only hydration
products identified using XRD were ettringite, monosulfate
and portlandite, with the remaining hydration products
being amorphous, these particles can only be one of the
three crystalline hydrate phases, CSH gel or another amor-
phous phase.

It is most likely that the particles are CSH gel, although
their morphology is extremely unusual and may indicate the
inclusion of elements other than calcium and silicon.

4. Practical issues

The vitrification and grinding of IFA is clearly a techni-
cally feasible option. However, many of the aspects of the
process require careful consideration in terms of economic
viability (in particular, the high energy demand for melting
and grinding) and in terms of environmental issues (the
availability of trace metals remaining in the material for
leaching).

Because substances volatilised from the ash during
vitrification require condensation and collection to prevent
release to the environment, one important factor in deter-
mining the viability of this process likely is whether some
use can be made of this material. In this particular case,
the trace metals volatilised from the ash under investiga-
tion are of a relatively low value. However, where more
valuable components are present in larger quantities, the
extraction of these metals from the volatilised fraction may
present a means of recouping some of the expense of
vitrification.
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5. Conclusions

1. Vitrification of fly ash yields a material with lower
contents of elements such as sodium, potassium,
chlorine, sulfur, lead and copper relative to the
original substance. This is the result of volatilisation
of these elements at elevated temperatures.

2. The vitrified ash investigated in this study clearly
reacts in the presence of PC to form CSH gel. A
consequence of this is that the 28-day compressive
strengths of mortars containing up to 20% of the
vitrified material as a replacement for PC display
compressive strengths comparable with mortars con-
taining only PC.

3. The crystalline hydration products formed in pastes
containing VIFA are the same as those encountered in
pastes containing only PC. There are slightly higher
quantities of calcium aluminate hydrates in pastes
containing VIFA.

4. Particles of VIFA within the cement matrix show clear
signs of reaction. At the surface of the particles,
spherical hydration products are visible, the precise
nature of which is not clear.
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