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Abstract

The use of fly ash-based geopolymer binders to immobilize chromium is investigated in detail, with particular regard to the role of the sulfide ion
as a reductant for Cr(VI) treatment. In the absence of sulfide, Cr added as Cr(VI) is highly leachable. However, addition of a small quantity of Na,S
reduces the Cr to Cr(IlI), and enables leaching efficiencies in excess of 99.9% to be reached after 90 days’ exposure to deionized water, Na,COj3 or
MgSO, solutions. Leaching in H,SO, is somewhat greater than this, due most probably to the oxidation of the Cr(III) present. Addition of the Cr(VI)
as a highly soluble salt is preferable to its addition as a sparingly soluble salt, because a higher salt solubility means the Cr(VI) is more available for
reduction prior to geopolymeric setting. The potential value of geopolymer technology as an immobilization process for problematic heavy metal
waste streams is highlighted by these results, and the need for a full understanding of binder chemistry in any immobilization system outlined.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Geopolymer technology [1] has for a number of years been
proposed as an alternative to Portland-based cements for the
immobilization of toxic heavy metal-containing wastes [2—4].
Recent work [5] has shown that Pb*" and Cd*" are very
effectively immobilized by incorporation into fly ash-based
geopolymers, however Cr®" was observed to be problematic.
Similar difficulties in the treatment of Cr®" have also been
observed by Palomo and Palacios [6]. In this study, the efficacy of
addition of S*~ as a reducing agent during immobilization of Cr
(VI) in geopolymers is investigated. It has previously been noted
that reduction of Cr(VI) to Cr(III), either by addition of FeSO,4 or
by the sulfide present in blast furnace slags, is beneficial for
immobilization in Portland cement-based matrices [7,8].

Chromium is a widespread environmental pollutant, pro-
duced by industries including electroplating, production of
pigments, stainless steels and other alloys, leather and textiles, as
well as ore and petroleum refining [9]. Cr(VI) is particularly
toxic, and is also relatively mobile in the environment.
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Immobilization of the waste streams from these and other
industries is therefore of paramount importance. Cr(III) is both
less toxic and less mobile, being relatively insoluble as Cr(OH);
and also as mixed hydroxide phases containing some Ca [10].
Some substitution into calcium (alumino)silicate hydrate (C—A—
S—H) phases is also believed to be possible [8,10,11]. However,
Cr(VI) addition tends to have deleterious effects on the strength
development of Portland cement-based (OPC) systems [12].
Wang and Vipulanandan [12] studied Cr(VI) immobilization in
OPC, and found that a maximum loading of 0.2% Cr as K,CrO,
was possible while complying with the requirements of the
TCLP leach test. In OPC blends with higher Al content, CrO3~
substitution into the SO sites of ettringite and hydrocalumite is
also possible [13], although the solubilities of these phases are
unsatisfactorily high in terms of their use in immobilization [14].

Alkali activation of slags has also been the subject of some
attention with regards to chromium immobilization. Deja [15]
studied the immobilization of Cr®" in alkali-activated slag
binders, and showed that not only is Cr®" quite effectively
immobilized in these systems, but that it also leads to an
improvement in mechanical strength development in both
carbonate- and silicate-activated systems. This work also
indicated that reducing conditions in the hydrated slag pastes
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(i.e. available S*~ ions) play a positive role in the immobilization
process by mechanisms such as partial reduction of Cr®" to Cr**.

There is no report in the literature detailing the successful use
of alkali activated fly ash (geopolymer) binders for immobiliza-
tion of Cr(VI). Bankowski et al. [16] did report a very slight Cr
leachability from a brown coal fly ash, which was reduced to
undetectable levels by encapsulation of the ash in a metakaolin-
based geopolymer. However, the concentrations involved are
too low to be able to report successful immobilization. Palomo
and Palacios [6] studied fly ash activated by 8 M NaOH, doped
with 2.6% Cr(VI) as CrOs. They found that the presence of this
level of Cr(VI) significantly inhibited hardening during alkali
activation, and the resulting product did not develop sufficient
mechanical strength.

Previously [5], geopolymers were synthesized by activation of
fly ash with sodium silicate solutions, and doped with 0.5% Cr(VI)
as Na,CrOy or 0.125% Cr(VI) as PbCrO,4. Addition of chromium
in either of these forms actually gave an increased compressive
strength when compared with uncontaminated mortar samples.
However, long-term leaching tests in different media showed that
in excess of 75% Cr extraction was observed from the Na,CrOy-
containing samples in dilute H,SO,, in deionized water, in MgSO,
and in Na,COj; solution. Cr added as sparingly soluble PbCrO,4
was slightly less readily extracted, with between 50 and 75%
extraction observed at 90 days. This is clearly not a satisfactory
level of immobilization performance, which is attributed to the
high mobility of Cr(VI) in aqueous systems.

In this paper, S*~ is added to fly ash geopolymer formulations to
be used in the immobilization of Cr(VI), with the aim of reducing
much of the Cr(VI) to Cr(IIT) and hence improving the observed
immobilization performance. Sulfide is a significant component of
blast furnace slag, another industrial waste material that is
commonly used as a precursor in geopolymer synthesis [17,18].
The chemistry of slag is complex, and so sulfide is instead added in
soluble salt form to enable clearer identification of the chemical
processes taking place in chromium immobilization. Slag
incorporation has previously been observed to have a significant
effect on the permeability of geopolymer mortars [19], as well as
playing a role in strength development and durability [20,21]. The
use of a sulfide salt in preference to slag in this investigation will to
some extent reduce such complications, and will enable isolation
of the chemical factors influencing immobilization as opposed to
the effects of microstructural details.

2. Experimental
2.1. Materials

Coal fly ash, Class F according to ASTM C618, was
obtained from Gladstone Power Station, Queensland, Australia,

through Queensland Cement Limited (QCL). The fly ash has a
dsp of 8.47 um, with 1% of particles over 110 pm. The oxide
composition as determined by X-ray fluorescence (XRF) is
shown in Table 1.

Analytical-grade reagents NaOH, Na,CrO,, PbCrO, and
Na,S.9H,O were obtained from Sigma Aldrich (Australia).
Medium sand (600—1180 pum) was used in preparing mortar
samples. Distilled/deionized water was used throughout. Sodium
silicate activating solutions (1.5 Si0,:Na,0:11H,0) were made
by dissolving NaOH pellets and silica fume (Aerosil 200,
Degussa) in distilled water, and were allowed to equilibrate for at
least 24 h before the synthesis of geopolymers. This composition
was chosen because it corresponds to the activating solution SiO,/
Na,O ratio which gives the highest strength for geopolymers
derived both from fly ash [22], and metakaolin [23,24].

2.2. Geopolymer synthesis

Fly ash, sand and heavy metal salts were dry mixed by rotating
in a sealed container for 15 min. Sodium silicate solution, 1.5Si05:
Na,0:11H,0, was used as the alkaline activator in all cases, and all
samples were made as mortars. Where sulfide was added to mixes,
0.5% by total sample mass of S~ was added in the form of
Na,S.9H,0 into the activating solution before mixing with the
solids. The liquid to solid mass ratio (L/S) was chosen to be as low
as possible while obtaining a reasonable sample rheology. In 50%
fly ash and 50% sand activated by 1.5Si0,:Na,O:11H,0, L/
S=0.238 gave a workable sample. The mixed powders were
combined with the solution and mixed for 30 min. Specimens were
then cast in plastic molds and vibrated for 2 min to remove large air
bubbles. All samples were cured at 40 °C with 100% humidity at
an oven for 24 h. The samples were then demolded and sealed in
plastic bags for curing at room temperature until the other tests
were carried out at 7, 14 and 28 days.

2.3. Sample analysis

Compressive strength testing was performed as per Australian
Standard AS1012.9, using three 50 mm cubes of each sample
composition. All samples were tested at the age of 7, 14 and
28 days. An Amsler FM 2750 (Roell Amsler, Gottmodingen,
Germany) compressive strength-testing apparatus was used. The
standard deviation of each set of samples was approximately 10%.

X-ray diffractometry (XRD) was conducted using a Philips
PW 1800 diffractometer with CuKa radiation generated at
30 mA and 40 kV. Specimens were step-scanned as random
powder mounts from 5 to 55° 26 at 0.02° 20 steps and integrated
at the rate of 1.0 s per step.

Microstructural images of the fractured and carbon-coated
samples were obtained using a Philips XL30 LaBg Scanning

Table 1
Chemical composition of fly ash as oxides

SiO, Al 04 Fe,04 TiO, MnO CaO MgO K,0 Na,O P,0s5 SO; Lor®
wt.% 46.4 28.3 11.7 1.4 0.2 1.4 0.6 0.3 0.9 0.3 33

# LOI: Loss on ignition at 1000 °C.
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Table 2

Compositions and compressive strength development of geopolymer samples

1D Heavy metals Sulfides Compressive strength (MPa)
added added 7 days 14 days 28 days

FSO - - 41.9 62.2 60.6

FS1 - 0.5% as 45.9 60.0 60.4

NaZS~9H20

FS2 0.5% Cr as - 38.4 50.4 67.4
NaZCrO4

FS3 0.5% Cr as 0.5% as 47.7 56.4 79.1
NazCrO4 NaZS~9H20

FS4 0.5% Pb, - 46.4 53.6 63.3
0.125% Cr as
PbCrO,

FS5 0.5% Pb, 0.5% as 51.8 63.8 75.7
0.125% Cr as Na,S-9H,0
PbCrO4

Electron Microscope (SEM) coupled with an Oxford Instruments

EDS (ISIS ATW Si Detector) at an accelerating voltage of 20 k'V.

Infrared (FTIR) spectra were collected using a Varian FTS
7000 FTIR Spectrometer in absorbance mode using a Specac
MKII Golden Gate single reflectance diamond ATR attachment
with KRS-5 optics. All spectra were obtained with 64 scans per
spectrum.

All XRD, SEM and FTIR measurements were carried out at
a sample age of 14 days. Before XRD and FTIR analysis, sand
particles were removed from the crushed samples using a 75 pm
sieve.

2.4. Leaching experiments

Static leaching experiments were carried out on the alkali-
activated fly ash matrices. 32x24x22 mm cuboid samples
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were prepared for leaching tests. The leaching medium volume
in each case is 400 mL, and a different sample was used for
every time point in each series to minimize compositional
errors due to removal of solution for sampling. The total
concentration of chromium in the leached solution was
determined by use of an ICP Optical Emission Spectrometer
(Varian 720-ES).

3. Results and discussion
3.1. Sample characterization

The compressive strengths of all samples tested are presented
in Table 2. From these data, it can be seen that the best
mechanical compressive strength is achieved by the geopoly-
mer paste with fly ash activated by sodium silicate. It is seen that
the addition of a small amount of sodium sulfide has a
negligible effect on the strength development of an otherwise
uncontaminated geopolymer mortar. As was observed pre-
viously [5], addition of Cr(VI) as either Na,CrO, or PbCrO,4 has
a slight positive effect on 28-day strength, which is in stark
contrast to its highly detrimental effect on OPC strength
development. However, the most notable aspect of the data
presented in Table 2 is that the addition of sulfide to the Cr-
containing matrices gives in both cases a clear increase in the
final strength obtained.

The samples were also studied by X-ray diffractometry
(XRD) and Fourier transform infrared (FTIR) spectroscopy.
XRD (Fig. 1) showed that no new crystalline phases were
observable in any of the contaminated samples; the only
observable sharp peaks were those due to unreacted mullite,
quartz and iron oxide phases from the fly ash, as well as some
calcite as previously observed [5]. Calcite was detected in
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Fig. 1. X-ray diffractograms of all samples studied. Phases marked are quartz (Q), mullite (M), calcite (C), and iron oxides (magnetite, hematite and/or maghemite) (F).
All crystalline phases observed are remnants of the crystalline phases in the original fly ash.
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Fig. 2. FTIR spectra of the unreacted fly ash and the geopolymer samples, as
detailed in Table 2. The dip at ~680 cm ' in most spectra is due to an
instrumental effect.

smaller quantities in sulfide-containing samples than in those
without sulfide, in agreement with the FTIR spectra (Fig. 2)
showing a peak at 873 cm™ ' only in the absence of sulfide. It is
not clear why S*~ should interfere with calcite formation, given
that calcite and sulfide are in fact generated together in
geological formations by reduction of calcium sulfate by
carbonaceous matter [25]. No distinct sulfur-containing com-
pounds or minerals are observed by XRD or FTIR, but this is
not unexpected due to the low sulfur content of all samples
studied. Comparing FSO to FS1 shows that the addition of 0.5%
S as Na,S has reduced the wavenumber of the Si—O—(Si,Al)
asymmetric stretching band from 975 to 969 cm™ '. This band is
known to be particularly sensitive to the details of geopolymeric
gel nanostructure [26,27]. With addition of 0.5% Cr as Na,CrOy4
(FS2) it shows a 10 cm™ ! shift, and with addition of 0.5% Cr as
Na,CrO, and 0.5% S as Na,S, a shift of almost 15 cm™ ' is
observed. These are quite large shifts in peak position,
indicating that the addition of the contaminant salts has had a
notable effect on gel formation. However, the strength data in
Table 2 show that these effects may by no means be considered
deleterious.

Scanning electron microscopy (SEM) shows that few if any
microstructural changes are induced by the addition of small
amounts of Na,S-9H,O to fly ash-based geopolymers. SEM
characterization of Cr-contaminated geopolymers has been
published in detail recently [5]. Elemental mapping for Cr in
samples with added Na,CrO, shows that the contaminant
element appears to be well dispersed, while PbCrO, does not
give the same extent of dispersion due to its lower solubility.
Addition of sodium sulfide to the Na,CrO4-containing samples
appears to give a slightly lesser extent of dispersion than in the
absence of a reductant, but no large regions of very high
chromium enrichment are observable.

Sample FS5, with both Na,S and PbCrO,4, does show a
significant deviation from the behavior of the corresponding
sulfide-free sample FS4. In particular, the correlation between
the locations of Pb atoms and of Cr atoms is significantly
weaker in FSS than in FS4, showing that the reduction of Cr
(VI) to Cr(Il) has resulted in the breakdown of many of the
initial PbCrO, particles. Regions that are enriched in one or
the other of Pb and Cr — but not always in a ratio
corresponding to the stoichiometry of PbCrO,4 — are observed.
Fig. 3a shows one such region; the marked area appears to be
the remnant of a PbCrO, particle, where the Cr has been

Fig. 3. SEM micrographs of fracture surface of geopolymer with 0.125% Cr as
PbCrO, and 0.5% S as Na,S (sample FS5). (a) Region shown is Pb-rich, ~1.4 at.%
Cr and 3.0 at.% Pb by elemental analysis; (b) region marked with dashed line is
slightly Cr-rich, ~12.4 at.% Crand 11.3 at.% Pbj; (c) typical fracture surface of bulk
gel.
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mobilized during geopolymerization and has left behind a Pb-
enriched (Pb/Cr atom ratio ~ 2) region. Fig. 3b shows an
example of a region displaying some degree of Cr enrich-
ment; it is possible that such areas correspond with the
formation of small Cr(OH); particles where dissolved
chromate has been reduced and precipitated in a specific
region. The level of Pb in the region depicted in Fig. 3b is
also high, meaning that the brightness in this backscattered
electron image is much greater than in the other images. The
fact that the number of highly Pb-enriched regions appears to
be greater than the number of notably Cr-enriched regions
suggests that the ‘missing’ Cr is relatively well dispersed
throughout the geopolymer binder.

3.2. Leach testing

Although the alkali activated fly ash geopolymeric binder
synthesized without sulfide showed very good mechanical
strength development in the presence of Cr(VI), it showed little
ability to resist attack by acid, mineral salts or even water.
However, Fig. 4 clearly shows the improvement in immobiliza-
tion performance that is achieved by the addition of 0.5% S* as
Na,S-9H,0, for geopolymers with 0.5% Cr added as Na,CrOy,.
In the case of leaching in deionized water and mineral salts, an
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improvement of better than three orders of magnitude is
observed, with the immobilization efficiency in these cases
increasing from less than 20% to more than 99.9%. This is
shown in Fig. 4a, ¢ and d, where in each case the two sets of data
being compared cannot even be plotted on the same sets of axes.

However, Fig. 4b shows that the improvement in leaching
performance in a sulfuric acid medium is nowhere near as great
as is observed in any of the other cases. It is likely that the
oxidizing effects of H,SO, significantly counteracted the
reducing action of the Na,S in this system, reducing
immobilization efficiency to around 80% — this is still much
better than the 10% immobilization observed in H,SO,4 without
Na,S, but is probably unsatisfactory for use in practice. This
provides further evidence that the immobilized Cr in the sulfide-
containing systems is in general reduced to Cr(III), and that this
is the key mechanism underpinning the success of Cr
immobilization. Fig. 4c shows that an apparent steady state is
reached at around 20% Cr extraction, suggesting that this may
be as much Cr(III) as could be readily oxidized to Cr(VI) by the
available volume of H,SOy. It may also be that acid-base (rather
than strictly redox) reactions between H,SO,4 and Cr(OH); are
providing the dominant effect here, although the distinctions in
mechanism are difficult to draw directly from leaching data. It
may also be suggested that the higher extent of release into
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Fig. 4. Cr extraction into different leach solutions from geopolymers with 0.5% Cr added as Na,CrOy, in the presence and absence of sulfide. (a) Deionized water,

(b) H,SO, at an initial pH=1.0, (c) 5.0% MgSOy,, and (d) 5.0% Na,COs.
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H,SO, solution is related to the greater extent of matrix
degradation in this system than in any of the other leach
solutions studied, although both the apparent attainment of a
steady state and the significant effect of sulfide tend to suggest
that this effect is not dominant.

The first point in the ‘sulfide’ curve in Fig. 4a shows what
appears to be a sharp initial spike in Cr concentration. It is not
clear from the data whether this point is an outlier, or whether it
represents a physical process taking place in the very early
stages of the exposure of this sample to deionized water. It is
well known that immersion of geopolymers in water results in a
release of alkali and an increase in the pH of the water. It may
therefore be that some small amount of Cr (~0.08% of the Cr
present) was leached very early in this static test, (or was
initially present on the sample surface) and then reprecipitated
in the hydroxide form as the pH increased. Alternatively, this
point may simply be an outlier, it is difficult to be certain at such
small leaching extents.

It is also of note that the immobilization performance of the
fly ash-based geopolymer for immobilization of Cr added as
Na,CrO,4 appears to be significantly better than the performance
of comparable alkali-activated slag matrices [15]. It is proposed
that this may be related to the higher Fe content of the ash used
here compared to blast furnace slags; Fe is known to act as a
catalyst for Cr reduction according to mechanisms outlined by
Lan et al. [28].
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Fig. 5 shows leaching results for the samples with Cr(VI)
added as Pb,CrOy4. The same trend is observed in Fig. 5 as was
shown in Fig. 4 with regards to the nature of the leaching
solution; water, Na,CO3 and MgSQ, all show roughly similar
extents of leaching, while H,SO,4 again gives by far the highest
extent of extraction. However, it is notable that the extent of Cr
extraction observed in all the sulfide-containing samples in
Fig. 5 is at least an order of magnitude higher than in Fig. 4,
meaning that addition of 75% less Cr, and in a less soluble
form, has decreased the immobilization efficiency markedly.
This is also in contrast to the performance of the two sets of
sulfide-free samples, in which the samples containing PbCrO,
show significantly better immobilization than those with
NaQCrO4.

The reasons for these differences in immobilization effi-
ciency may be explained by reference to the binder chemistry.
When a soluble salt such as Na,CrO, is added and in the
absence of a reductant, the Cr is readily available and leaches
rapidly, so addition as sparingly soluble PbCrQ, is preferable
where no sulfide is used. Where Na,S is added, the situation is
reversed: the availability of Cr from the soluble salt means that
it is more readily reduced by the S*~ and microencapsulated
throughout the binder phase, possibly as insoluble Cr(OH)s.
However, if the Cr is added in sparingly soluble form, this
process will not be completed prior to geopolymeric setting, and
some remnant PbCrO, will then be available for leaching. This
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Fig. 5. Cr extraction into different leach solutions from geopolymers with 0.125% Cr added as PbCrOy, in the presence and absence of sulfide. (a) Deionized water,

(b) H,SOy at an initial pH=1.0, (c) 5.0% MgSOy,, and (d) 5.0% Na,COs.
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then explains the lower leach rate for the sulfide-free systems,
but much higher leach rate for sulfide-containing systems,
where Cr is added as PbCrO,4 compared to addition as Na,CrOy.
This has some interesting implications for waste conditioning
prior to immobilization in geopolymeric binders; it may be that
some of the steps that are commonly taken to reduce the
solubility of Cr in salt form before mixing with the
immobilization matrix are in fact undesirable when the Cr is
to be bound in a sulfide-containing geopolymer.

This work then has importance in terms of the use of
geopolymers in ‘real-world’ immobilization applications. In an
industrial context, it is much more likely that sulfide will be
added to a geopolymeric matrix in the form of slag than as
reagent-grade Na,S-9H,0. Given that the conversion of slag to
binder material within a geopolymeric matrix is likely to take
place over a relatively extended time period, this ongoing S*~
release may assist in maintaining the Cr as Cr(Ill), even in
oxidizing surroundings. However, further work is required to
analyze the exact effects and mechanisms involved in this
process, which necessitates a much fuller understanding of slag-
geopolymer interactions and Cr redox chemistry in the
geopolymer context than is currently available. It may also be
that the addition of slag would enable the binding of remnant Cr
(VI) as CaCrOy4 or within ettringite-type phases as discussed in
Section 2 of this paper.

4. Conclusions

S*” ions play a critical role in the immobilization of Cr(VI) in
alkali-activated fly ash (geopolymer) matrices, by reducing Cr
(VI) to Cr(Il) and enabling precipitation in highly insoluble
forms. Whereas chromium in sulfide-free geopolymers is highly
mobile and very readily leached, addition of as little as 0.5% S*~
as Na,S-9H,0O has been shown here to be highly effective in
immobilizing Cr against attack by deionized water or mineral
salt solutions for at least 90 days. Leaching efficiencies in excess
0f99.9% are obtained when the Cr is initially added to the binder
as Na,CrO,4. Leaching in H,SO4 remains more problematic,
most likely due to the re-oxidation of the Cr to highly mobile Cr
(VI) species, but the addition of sulfide still provides a major
increase in leaching resistance compared to a simple geopolymer
binder. Addition of the Cr as a sparingly soluble salt actually
provides less effective immobilization than does addition as a
highly soluble salt in the presence of sulfide. This further
demonstrates the importance of understanding binder chemistry
and binder-contaminant interactions in the selection of the most
appropriate immobilization process for a given waste stream,
and highlights the value of geopolymer technology as one
component of a suite of available heavy metal immobilization
technologies.
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