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bstract

he speciation of Fe was studied in metakaolin-based geopolymers to which Fe was added as ferric nitrate solution or freshly precipitated ferric
ydroxide. From Mössbauer and near-edge X-ray absorption spectroscopies, coupled with X-ray diffraction and electron microscopy, it was

oncluded that in as-cured geopolymers the Fe was present in octahedral sites, either as isolated ions in the geopolymer matrix or as oxyhydroxide
ggregates which had not reacted with the starting geopolymer components. For material to which iron nitrate was added, heating to 900 ◦C allowed
he formation of nepheline and a glass, both of which contained tetrahedrally coordinated, substituted Fe3+.
rown Copyright © 2006 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Geopolymers (GPs) with Si/Al molar ratios of ∼2 are alkali
luminosilicate materials1,2 which can be made at near ambi-
nt temperatures and are X-ray amorphous. They are composed
f cross-linked [AlO4]− and [SiO4] tetrahedra, with charge
alancing Na+ or K+ ions. They are made by exposing reac-
ive aluminosilicate precursors such as fly ash, blast furnace
lags or metakaolin (MK) to alkali solutions, with or without
ilicate, with minimum water addition to make a stiff paste.
he mixtures polymerise and solidify upon curing at 20–90 ◦C,
referably in high humidity and sealed conditions. Their main
otential applications are as building materials and a limited
umber of buildings have been constructed.3 Geopolymers are
ery heat-resistant compared with Portland cement and also have
he potential capability to incorporate and immobilise a vari-
ty of radioactive waste ions, including Sr and Cs,4–7 as well
s mining waste which invariably consists of various minerals
ontaining Ti, Mn, Fe and Ca among many others.8,9 A brief
verview has been reported on the speciation of these elements in

Ps.10

Iron can be a major component of mining wastes and it can
xist in many forms, but it would be more likely to affect the
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inetics and overall chemistry of geopolymer formation if the
ron was in a relatively soluble form. As part of this approach, the
peciation of iron in an MK-based geopolymer has been studied
n some detail in the present work. The basic approach taken
as to introduce ferric iron, either as a soluble salt or as freshly
recipitated (oxy)hydroxide, to maximise the potential mobility
f the Fe in the wet preparation.

. Experimental

GPs having Si/Al and Na/Al molar ratios of 2.0 and 1.0,
espectively were prepared with the necessary additives as listed
n Table 1. The molar ratio of water to sodium was 7.2:1. The
erric (oxy)hydroxide was freshly prepared by adding NaOH
olution to a solution of Fe(NO3)3·9H2O; the precipitate was
ltered and washed with deionised water five times to remove
odium nitrate. The expected product should be either ferrihy-
rite, Fe5HO8·4H2O, or goethite, �-FeOOH, depending on the
peed of reaction.11 The dried precipitate was analysed by pow-
er X-ray diffraction (XRD, see below) and the pattern was very
iffuse, but in basic agreement with that of a two-line ferrihydrite
attern.12
The (oxy)hydroxide or the nitrate solution was mixed well
ith the MK in a pestle and mortar for about 10 min before

dding to the solution of sodium silicate and water. After mixing
or 5 min, the slurry was poured into a 40 mm polycarbonate

All rights reserved.
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Table 1
Composition of the baseline composition and the additives

Precursor Mass%

Sodium silicate solution (Type D, PQ Corporation,
Australia)—14.7 Na2O, 29.4 SiO2, 55.9 H2O
(mass%)

63.0

Metakaolin (heated Kingwhite clay, Unimin
Australia Ltd., at 750 ◦C for 15 h)

33.7

Extra deionised water 3.3
Fe(OH)3—freshly prepared (for details see the text) 1 and 5a
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clay were estimated at ∼1 mass% (see Figs. 1 and 2).

When Fe is added as the (stable) nitrate to the geopoly-
mer mixture, Fe (oxy)hydroxide would likely precipitate in

Table 2
XRD analyses of heated and unheated GPs

Equivalent Fe2O3 equivalent
additions to GPs (mass%)

Heat treatment (◦C) XRD analysis

1 (hydroxide) 22 Am (M), Q (m), A (m)
5 (hydroxide) 22 Am (M), Q (m), A (m),

iron hydroxide (m)
1 (nitrate) 22 Am (M), Q (m), A (m),

NaNO3 (m)
1 (nitrate) 600 Am (M), Q (m), A (m)
1 (nitrate) 700 Am (M), Q (tr), A (tr)
1 (nitrate)a 800 Am (M), N (m), A (tr)
1 (nitrate)a 900 N (M), Am (m)

Am, amorphous; Q, quartz; A, anatase; N, nepheline; M, major; m, minor; tr,
trace.

a 1 and 5 mass% of hydroxide when heated showed N (M) and Am (m) as
phases.
e(NO3)3·9H2O (Sigma–Aldrich Australia Ltd.) 1a

a Added to 100% baseline composition as equivalent Fe2O3.

ylindrical jar and covered with a screw cap. This was shaken
or 5 min on a vibrating table to de-air. Each batch weighed
20 g and had dimensions of ∼40 mm diameter × 10 mm thick.
hey were cured at ambient for 24 h followed by curing at 60 ◦C

or 24 h (closed container) and removed from the jar after 3
ays. All the GPs were older than 7 days when subjected to
urther experimentation, to maximise the chances of complete
olymerisation.

The samples to which the ferric nitrate was added were heated
n air to 600, 700, 800 and 900 ◦C for 2 h in an electric furnace.
eating and cooling rates were 5 ◦C/min.
All samples were analysed by XRD (Model D500, Siemens,

arlsruhe, Germany) using Co K� radiation on crushed portions
f material. Selected samples were cross sectioned, mounted
n epoxy resin, and polished to a 0.25 �m diamond finish and
xamined by scanning electron microscopy (SEM: Model 6400,
EOL, Tokyo, Japan) operated at 15 kV and fitted with an X-
ay microanalysis system (EDS: Model: Voyager IV, Tracor
orthern, Middleton, WI, USA).
Transmission electron microscopy (TEM) and EDS analysis

ere performed using a JEM 2000fxII (JEOL, Japan) machine
ith a LaB6 electron source operated at 200 kV. The TEM was

quipped with a LINK energy dispersive X-ray spectrometer and
SIS microanalysis system (both from Oxford Instruments, UK).
he Cliff–Lorimer method13 was used to analyse energy dis-
ersive spectra with experimental correction factors determined
rom a suite of natural mineral and synthetic ceramic materials
f known composition. A Model 636 double tilt liquid nitro-
en cooled specimen holder and a Model 613-0500 cold stage
ontroller (both from Gatan, USA) were used for TEM/EDS
nalyses.

Care was taken to minimise electron beam damage during
DS analyses by cooling the sample to liquid nitrogen temper-
ture and by ensuring the electron beam was never focussed
elow 200 nm diameter. Despite these precautions the measured
odium content was significantly lower than expected, most
ikely due to Na migration caused by the electron beam.

X-ray absorption near-edge structure (XANES) measure-
ents were carried out at beamline 24A, National Synchrotron
adiation Research Centre (NSRRC), Hsinchu, Taiwan.14 The

owdered samples were spread on double-sided copper tape and
ounted on a stainless steel sample holder. Fe L-edge X-ray

bsorption spectra were taken in the total-electron yield (TEY)
ode by monitoring the specimen current.

F
a

eramic Society 27 (2007) 2697–2703

Mössbauer spectroscopic analysis of the iron phases was
arried out at room temperature using a conventional constant
cceleration drive and a 57CoRh source. Velocity calibration
as carried out with �-Fe and all isomer shifts are quoted rel-

tive to �-Fe at room temperature. Fitting was carried out by
onventional least squares techniques, with the intensities and
inewidths of doublet lines, and also the corresponding lines of
extets, constrained to be equal. In the sextet fitting, it was also
ssumed that the hyperfine field and the electric field gradient
ere collinear.

. Results and discussion

.1. X-ray diffraction

Table 2 lists XRD analyses for all the GPs made, including
he heating results and the sample to which iron nitrate was
dded. The XRD traces of all GPs indicated the presence of an
morphous phase by the broad diffuse peak centred at ∼0.32 nm
see Fig. 1), together with weak peaks due to crystalline anatase
nd quartz impurities in the MK, as observed by other workers
n MK-based geopolymers.15 These impurities in the original
ig. 1. XRD trace of unheated GP, containing 1 mass% equivalent Fe2O3 added
s the nitrate (A, anatase; Q, quartz; rest, NaNO3 peaks).



D.S. Perera et al. / Journal of the European Ceramic Society 27 (2007) 2697–2703 2699

F
n

t
w
m
a
g
F

t
∼
i
(
t
L
u
t
p
m
o
p
r
t
o

3

F
t

F
n

F
l
p

i
1
i
t
s
p
o
i
l
5
F
s
t
o
y
s
(
A

ig. 2. XRD trace of GP, containing 1 mass% equivalent Fe2O3 added as the
itrate in aqueous solution and heated to 600 ◦C in air (A, anatase; Q, quartz).

he presence of the strong alkali solution. Soluble NO3
− ions

ould remain in any aqueous phase, and XRD of the cured
aterial showed crystalline NaNO3 to be present. NaNO3 was

lso observed when other metal nitrates were added to similar
eopolymers.6 No XRD peaks characteristic of any crystalline
e-rich phase were observed.

After heating the sample to which iron nitrate was added,
o 600–800 ◦C, the diffuse XRD peak gradually moved to

0.37 nm (Fig. 2). NaNO3 was not seen after this heating as
t melts at ∼307 ◦C and dissociates at ∼380 ◦C.16 Nepheline
NaAlSiO4) was observed after heating at 800 ◦C and it became
he major phase after heating at 900 ◦C as expected17 (see Fig. 3).
iquid phase sintering takes place at ∼600 ◦C17 and this liq-
id forms a glassy phase when cooled to ambient. It is perhaps
he presence of this glass that shifts the center of the diffuse
eak to a slightly higher d-spacing than that of the unheated
aterial. The d-spacings of the crystalline nepheline phase have

ccurred at slightly higher d-spacings compared to those of the
ure nepheline phase which forms in equivalent Fe-free mate-
ial. This is indicative of Fe3+ substitution in the structure, noting
hat Fe3+ has larger ionic size than Al3+18 and no X-ray evidence
f other crystalline iron-bearing phases was observed.

.2. SEM
The SEM image of the sample in which 1 mass% equivalent
e2O3 was added as the hydroxide is shown in Fig. 4, where

he quartz and anatase are seen in the GP matrix. Residual MK

ig. 3. XRD trace of GP, containing 1 mass% equivalent Fe2O3 added as the
itrate in aqueous solution and heated to 900 ◦C.

N
N
(

p
s
(

T
S
F

M

1
5
1

ig. 4. Backscattered SEM image of unheated GP, containing 1 mass% equiva-
ent Fe2O3 added as the hydroxide. White phase (Ti) is anatase and the lighter
hase is residual MK.

s also seen which were identified by having an atomic ratio of
for Al:Si. The cracks observed were not present in the orig-

nal GP; they resulted when the GP sample was evacuated in
he SEM. Micrometre-scale inhomogeneity partly reflects the
urface finish as a good polish was not obtained, due to particle
ull-out. The EDS analysis of the matrix shows the presence
f ∼1.8 at.% Fe (Table 3). This shows that the iron is approx-
mately uniformly incorporated into the matrix at the ∼1 �m
evel scale of the analysis. The SEM image of the sample with
mass% equivalent Fe2O3 added as the hydroxide is shown in
ig. 5. There are some unmixed Fe-rich particles present, pre-
umably deriving from the added Fe (oxy)hydroxide, along with
he minor quartz and anatase. However, Fe-rich phases were not
bserved in the 1 mass% added sample (Fig. 4). The EDS anal-
sis still showed the presence of Fe in the matrix at the ∼1 �m
cale but it did not reflect the increased % of Fe in the sample
Table 3). The two samples showed similar concentrations for
l and Si in the matrix, but a somewhat lower concentration for
a. However, generally it is difficult to rigorously analyse for
a in SEM because Na tends to migrate under the electron beam

see above).

For comparison, the EDS analyses (Table 3) for the sam-

le containing 1 mass% equivalent Fe2O3, added as the nitrate,
howed substantially less Na in the matrix than that in the Fe
oxy)hydroxide-containing GPs, perhaps because part of the Na

able 3
EM EDS analyses (at.%) of the GP matrices with 1 and 5 mass% equivalent
e2O3 additions (unheated)a

ass (%) Na Al Si Fe Ti O

b 6.0 8.2 22.2 1.8 0.0 61.8
b 7.9 8.0 21.7 0.9 0.5 61.0
c 3.9 8.9 19.7 0.3 0.5 66.7

a Mean of ∼4 spot analyses from various parts of the sample.
b Added as the hydroxide.
c Added as the nitrate.
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Table 4
TEM EDS analyses of crystalline and amorphous phases shown in Fig. 6

Element GP matrix Amorphous Fe–Si–O phase

Element% Atomic% Element% Atomic%

Na 1.2 1.1 0.9 1.4
Al 12.3 9.3 5.3 4.4
Si 32.9 24.0 23.3 19.3
Ti 0.1 0.1 0.1 0.0
F
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ig. 5. Backscattered SEM image of unheated GP-containing 5 mass% equiv-
lent Fe2O3 added as the hydroxide. Smaller white areas are anatase and the
ighter phase is residual MK.

s present as NaNO3 as shown in Table 2. NaNO3, being stable,
ould inhabit the pore water in the GP so it is not surprising

hat definite areas of NaNO3 were not detected in the SEM
mages (not shown). Although hydrous material would tend to be
emoved by the vacuum imposed by the SEM instrument, the Na
n any residual pore water would be more likely to migrate away
rom the electron beam than Na incorporated in more solid mate-
ial; this may explain the discrepancies between the Na contents
easured by SEM in the different samples.

.3. TEM

The TEM of the 1 mass% Fe2O3 equivalent (added as the
itrate) sample showed amorphous phases of the GP matrix

Fig. 6(a)), a Na-rich phase (Fig. 6(b)) and a Fe and Si-containing
hase (similar to Fig. 6(a)). The EDS analyses for the GP matrix
nd the Fe–Si–O phase are listed in Table 4. The GP matrix phase
as registered a low Na content because of Na depletion in the

F
t
o
f

ig. 6. TEM image of GP, containing 1 mass% equivalent Fe2O3 added as the nitra
morphous region Na-rich area (black dots are frozen pore water).
e 3.2 1.2 27.2 11.7
50.3 64.3 43.2 63.2

EM as observed previously19 and contains Fe. The Na-rich
hase is probably the residue from the pore water after evap-
ration. The Fe–Si–O-containing phase (which also contains a
ignificant amount of Al, see Table 4) is probably a reaction prod-
ct or derives from the original clay used in making the MK. Its
resence was not detected by XRD, although the original clay
ad 1 mass% Fe2O3 (no doubt substituting for Al) according
o the supplier specification. However, the Fe–Si–O phase was
ound as a very minor component only in one specimen out of
hree examined.

Under the TEM, it was observed that, for the sample heated
t 900 ◦C, crystalline material existing as the major phase was
ntimately associated with a glassy phase (Fig. 7(a)). Several
arge, well-separated grains of crystalline material were found in
ddition to much smaller regions of the same material (Fig. 7(b)).
ig. 8(a) is a selected area electron diffraction pattern recorded
rom the area shown on Fig. 7(b). Using the software package
EMS,20 this pattern was indexed as the [0 0 1] zone axis of
epheline and an SADP (Fig. 8(b)) was simulated which closely
atches the experimental pattern.
EDS spectra were recorded from the areas indicated on
ig. 7(a) and (b). The crystalline phase was electron beam sensi-
ive and quickly became amorphous when the beam was focused
nto small areas of the sample. Fig. 8 is a spectrum collected
rom a large area around the crystalline region shown in Fig. 7(b).

te in aqueous solution at ambient: (a) amorphous region of GP matrix and (b)
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Fig. 7. TEM image of GP, containing 1 mass% equivalent Fe2O3 added as the nitrate in aqueous solution and heated to 900 ◦C: (a) crystalline and amorphous regions
and (b) crystalline region only.
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Fig. 8. (a) SADP of the crystalline are
his crystal was quite large and the beam did not need to be
ocused down during spectrum acquisition, hence Na depletion
as minimised. The quantitative analysis of this spectrum is

hown in Table 5 along with the EDS analysis for the amorphous

able 5
EM EDS analyses of crystalline and amorphous phases shown in Fig. 7

lement Nepheline Amorphous phase

Mass% Atomic% Mass% Atomic%

a 13.6 12.2 0.3 0.2
l 16.0 12.1 11.4 8.6
i 22.3 16.3 35.4 25.5

0.2 0.1 0.2 0.1
i 0.3 0.1 0.3 0.1
e 2.2 0.8 1.3 0.5

45.5 58.4 51.3 65.0
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ig. 6(b); (b) JEMS simulated pattern.

egion. The measured Fe content of the crystalline nepheline
hase varies from crystal to crystal. Fe was also present in the
lassy phase (Table 5).

The measured atomic% Na in the nepheline was very similar
o that of Al (+Fe) as expected, but both were ∼20% less than
hat of Si. It is possible that there were unobserved admixtures
f the glassy phase, which was far richer in Si than Na and Al.
e note that alkali deficiencies (∼10% of the stoichiometric

ontent) have been observed by chemical analysis (as distinct
rom EDS) of natural nephelines.21

.4. XANES
Fig. 9 shows the Fe L-edge XANES spectrum of the Fe-doped
1 wt.% Fe added as ferric nitrate) geopolymer along with that of
-FeOOH. Both spectra have been normalised to the incoming
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Fig. 9. Total electron yield (TEY) of Fe L-edge XANES of 1 mass% equivalent
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e2O3 in MKGP (red curve) and that of �-FeOOH (goethite; Fe3+ in octahedral
oordination) for comparison. (For interpretation of the references to colour in
his figure legend, the reader is referred to the web version of the article.)

onochromatic light intensity, which was measured using a gold
esh detector. The photon energy scale has not been calibrated

gainst an absolute standard. The preliminary results indicate
hat the Fe coordination in the geopolymer sample is indistin-
uishable from that of octahedral Fe3+ in �-FeOOH (goethite),
uggesting that Fe3+ ions were not incorporated in the Al–Si–O
etwork, as it would then have been in tetrahedral coordination.
f course, the result only shows that the Fe is in octahedral

oordination and not that the Fe is present as goethite.

.5. Mössbauer spectroscopy

The room temperature Mössbauer spectrum of the hydroxide-
oaded specimen showed a broadened magnetically split
tructure together with a quadrupole split doublet (Fig. 10a and
able 6). The magnetic component has been fitted to three sex-

ets as an approximate fit to the broadened lines. The maximum
yperfine field of 35.9 T is only slightly less than the accepted
oom temperature value for pure goethite of 38.0 T22 and this
s the only known ferric oxyhydroxide phase with a room tem-

erature splitting of approximately this size. The isomer shift
nd quadrupole splitting both agree with the literature values
or goethite.22 The doublet parameters are also consistent with
hose of goethite for which either the aluminium concentration

a
d

d

able 6
össbauer parameters of the spectra in Fig. 10 (for the magnetically split spectra, the

quivalent Fe2O3 additions
o GPs (mass%)

Heat treatment (◦C) Isomer shift
(mm/s)

(hydroxide) 22 0.33 (1)
0.37 (1)
0.37 (1)
0.39 (2)

(nitrate) 22 0.35 (1)

(nitrate) 800 0.23 (1)

ote: Estimated errors in parenthesis.
ig. 10. Room temperature Mössbauer spectra of (a) GP sample loaded with
erric (oxy)hydroxide, (b) unheated GP sample loaded with ferric nitrate, and
c) the latter sample after heating to 800 ◦C.

r poor crystallinity has reduced the ordering temperature below
mbient. The very broad linewidth is consistent with either
nterpretation, but the fact that no XRD evidence of crystalline
oethite was observed (see above) points to poor crystallinity as
eing the cause.

The room temperature Mössbauer spectrum of the unheated
itrate-loaded specimen showed a quadrupole split doublet
Fig. 10b), whose isomer shift (Table 6) is consistent with iron
n octahedral coordination to oxygen atoms, but the quadrupole
plitting could apply to a variety of poorly crystalline ferric
xyhydroxides and is non-specific as to the exact phase. The
inewidth is quite broad, indicating poor crystallinity or a vari-
ty of coordinations. The parameters are very close to those
f six-line ferrihydrite (see, for example, Ref. 22, Chapter 5)
nd this is a likely assignment since ferrihydrite would be the
xpected resulting phase from the hydrolysis of ferric nitrate (see
bove). The data are also slightly asymmetric in the same way

s for ferrihydrite, although we have fitted it with a symmetric
oublet.

After the sample was heated to 800 ◦C, the isomer shift
ecreased and the quadrupole splitting increased markedly, also

quadrupole splitting is e2qQ/4)

Quadrupole splitting
(mm/s)

Hyperfine
field (T)

Linewidth
(mm/s)

Area (%)

0.63 (1) 0 0.62 (1) 16 (1)
−0.12 (1) 35.9 (1) 0.44 (6) 22 (3)
−0.13 (1) 33.0 (5) 28 (9)
−0.13 (2) 30.2 (7) 34 (9)

0.69 (1) 0 0.53 (1) 100

0.90 (1) 0 0.75 (1) 100
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ccompanied by an increase in the linewidth (Fig. 10c, Table 6).
he isomer shift-quadrupole splitting combinations are char-
cteristic of ferric ion in tetrahedral coordination with oxygen
toms, and almost certainly in a sodium-containing phase, as
xpected for Fe3+ substituted for Al in nepheline, all Al in
epheline being in tetrahedral coordination.23 The systematics
f the isomer shift-quadrupole splitting combinations for iron
n various aluminosilicate glasses are given in Ref. 22, Sec-
ion 12.2.2. Natural nepheline is not rich in iron23 and there
re no literature Mössbauer parameters for iron in nepheline.
onsequently it is not possible to tell from these parameters
hether the iron is in the crystalline or amorphous phases, or in
oth, because Fe substituting in an aluminosilicate glass would
lso be in tetrahedral coordination. The very broad linewidth
f 0.75 mm/s strongly implies that the iron inhabits an amor-
hous phase, the presence of which was already deduced from
he XRD and TEM results. The spectrum is also asymmetric in
he way indicative of a small correlated distribution of isomer
hifts and quadrupole splittings, as is common for aluminosili-
ate glasses,22 although we have not been fitted it to this model.
he sense of the asymmetry is opposite to that in Fig. 10b.

. Conclusions

The speciation of Fe added as ferric nitrate solution or
reshly precipitated ferric (oxy)hydroxide to metakaolinite-
ased geopolymers was studied and from Mössbauer and
ear-edge X-ray absorption spectroscopies, together with X-ray
iffraction and electron microscopy, it was concluded that in as-
ured geopolymers the Fe was present in octahedral sites, either
s isolated ions in dilute samples or as oxyhydroxide aggregates
n samples richer in Fe. Heating to 900 ◦C allowed the formation
f nepheline, with partial substitution of Fe3+ for the tetrahedral
l, as well as glass which also incorporated Fe3+ in tetrahedral

oordination.
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