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a b s t r a c t

This work reports medium- and short-range order of changes of amorphous silica submitted to chem-
ical degradation. Structural changes were studied, using X-ray absorption near edge structure (XANES),
nuclear magnetic resonance 29Si NMR-MAS and controlled pressure scanning electron microscope (CP-
SEM). The depolymerisation of amorphous SiO2 compounds mainly induces the formation of Q3 species
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and alkali-rich domains. The XANES Si K-edge spectra demonstrate the presence of different environ-
ments of silicon: one with four oxygen atoms and the other with a number of oxygen lower than four in
agreement with previous studies.

© 2009 Published by Elsevier B.V.
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MR

. Introduction

Silica is most widely studied because of its technological impor-
ance in several disciplines. SiO2 nanoparticles were used to
mprove creep resistance of thermoplastic polymers [1]. Natural
iO2 is used as an aggregate in composite materials such as concrete
2]. The degradation of concrete depends on the crystalline quality
f the aggregate. The reactivity of SiO2 depends on the chemical
rocess that occurs between amorphous or poorly crystallized SiO2,
resent in the mineral aggregates called alkali silica reaction (ASR)
3,4].

In fact, alpha quartz (�-SiO2) with a good structural order and
ithout defects and impurities has a very low reactivity [5,6]. The

uartz is thermodynamically more stable, than the silica poly-
orphs such as tridymite, cristobalite and moganite [5].
Micro-XANES, micro-fluorescence experiments have been car-

ied out to investigate the local structural evolutions of a
eterogeneous and natural SiO2 submitted to ASR process [7]. Using
he micro-beam sources, micro-zones with different properties
ave been separated. Compared to elemental maps obtained by

SEM, micro-X-ray fluorescence (micro-XRF) showed the diffusion
f potassium inside the grains more accurately. Si K-edge XANES
pectra enabled to follow the dissolution of the grain from the
utside to the inside. Potassium K-edge XANES spectra show no
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significant changes around K cations from the outside to the inside
of the grain. The breaking of Si–O–Si bonds may be attributed to
potassium cations. Some questions remain unanswered such as the
contribution of each structural phase (crystalline, disordered and
amorphous).

Previous studies on the ASR in the natural flint [6,8,9] have
shown that the reaction begins with the breaking of bridge siloxane
Si–O–Si and formation of amorphous and nanocrystalline phase.
However, the presence in flint of different structural areas, such
as crystallized, poorly crystallized and amorphous domains makes
the study of the mechanism of degradation and the kinetics of the
reaction more complex. However, up to now, there has been no
published report on the reactivity of amorphous SiO2 including
medium- and short-range order.

In this work we will follow the amorphous silica a-SiO2 as a
model and starting material in order to obtain information about
the mechanism that is established in amorphous phase.

2. Materials and methods

The starting material used in this study is a synthetic amorphous
silica a-SiO2 powder from Alpha Aesar with high purity (99.9%) and
the average grain size showed two maxima, at 3 and 22 �m.
Amorphous silica has been submitted to ASR following the pro-
tocol below: 1 g of silica powder is introduced in a closed stainless
steel container with a mixture of 0.5 g of portlandite Ca(OH)2. After
30 min of preheating, 10 ml of potash solution KOH (0.79 mol/l) was
added to the mix SiO2 and Ca(OH)2, and placed under magnetic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:khouchaf@ensm-douai.fr
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intensity of this peak increases from the inside to outside of the
ig. 1. (a) CP-SEM micrograph of the reacted silica r-SiO2 (backscattered electrons,
SE). (b) Micrograph of the needles obtained after the reaction (backscattered elec-
rons, BSE).

tirrer to produce homogeneous slurry. The development of the ASR
ccurs during heating of the autoclave with our mixture at 80 ◦C
or 312 h. After this period of reaction, ASR-products were obtained
called r-SiO2).

Controlled pressure scanning electron microscope (CP-SEM)
bservations were carried out at accelerating voltage of 15 kV and a
robe current of 130 pA using a FEG CP-SEM “Hitachi S4300 SE/N”.
bservations were performed under vacuum pressure of 0.37 Torr.
ow pressure gas (air) is introduced inside the analysis chamber
n order to avoid coating operation. The influence of the interac-
ion between electron beam and gas on imaging and microanalysis
esults was controlled carefully [8,10,11].
XRD spectra were recorded for 2� values between 10◦ and 100◦

ith steps of 0.007◦ and a counting time of 10 s per step using a
ruker D8 Advance diffractometer operating at 40 kV and 40 mA
ith Co radiation (� ≈ 1.78897 Å). The original powder has been

Fig. 2. X-ray elemental m
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introduced into Al2O3 cup which was maintained under rotation
during the experiment.

X-ray absorption near edge structure (XANES) experiments were
carried out on the LUCIA beam line at the Swiss light source (SLS)
[12]. The high brightness of synchrotron radiation leads to obtain
data with good quality from micro-zones of heterogeneous materi-
als. Micro-XANES spectra at Si K-edge, were recorded using a double
crystal monochromator with a InSb(1 1 1) crystal. Spectra were
recorded, at room temperature, under high vacuum (10−5 Torr) in
total electron yield (TEY) mode on a grain embedded in epoxy resin.

29Si magic-angle spinning (MAS) NMR spectra were recorded
at room temperature using a Brucker Avance 100 NMR spectrom-
eter with field of 2.34 Tesla. 29Si MAS experiments operating at
19.89 MHz were performed with a 7 mm MAS probe with ZrO2 rotor
at a spinning rate of 4 kHz. Tetramethylsilane (TMS) was used as a
reference for chemical shifts measurements. Spectra were recorded
with a pulse angle of �/5 and a recycle delay of 80 s, which enable
relaxation. The number of scans was 256 for each sample.

3. Results

Fig. 1a displays a micrograph obtained by CP-SEM with back-
scattered electrons detection of r-SiO2. Important modifications are
produced after the reaction. Heterogeneous morphology shows the
traces of the reaction. At high magnification, disordered needles
nanometric sizes (∼100 nm) are observed (Fig. 1b).

X-ray elemental maps have been performed (Fig. 2) in order to
follow the distribution of different cations inside the silica. The later
show a heterogeneous aspect of the attack. X-ray elemental maps
of silicon Si, calcium Ca, and potassium K show that Ca and K are
present on almost all parts of the grain.

X-ray absorption near edge structure, unlike X-ray diffraction,
can be used both for crystalline and amorphous materials and
gives information on medium-range order. In Fig. 3a are shown the
XANES spectra of a-SiO2 and �-SiO2 used as a reference. A main
peak (A) located at 1846.8 eV and a broad peak (E) located at 1865 eV
are present in both samples. Besides, three peaks B, C and D are
present in �-SiO2 XANES spectrum only.

Absorption spectra at Si K-edge at different zones of the r-SiO2
grain (from the inside to outside, Fig. 1a) were recorded using a
micro-beam delivered by synchrotron radiation facility. In Fig. 3b
are shown XANES spectra of the r-SiO2 at different points of the
grain compared to a-SiO2. The energy position of peak A called
white line remains unchanged (1846.8 eV) whatever the analyzed
zone. Besides, its intensity decreases from the inside to the outside.
A second peak f around 1843 eV appears in the degraded silica. The
grain in an opposite way compared to the peak located at 1846.8 eV.
The MAS solid-state 29Si NMR spectrum of the starting silica are

shown in Fig. 4a. We interpret the NMR spectra using the standard
Qn nomenclature. In this nomenclature the Qn identifies the con-

aps of Si, K and Ca.
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ig. 3. (a) XANES spectra at Si K-edge of the references: amorphous silica (a-SiO2)
nd alpha-quartz (�-SiO2). (b) XANES spectra at Si K-edge of r-SiO2 at different zones
a–d as indicated in Fig. 1a) in the grain compared to the starting a-SiO2.

ectivity of silicate tetrahedron, with n is the number of associated
ridging oxygen’s (Si–O–Si). These lines can be identified according
o literature data with the different tetrahedral Qn environments
f Si in silicates [13]. Fig. 4a shows a signal centred at −110 ppm,
ttributed unambiguously to Q4 units in the amorphous silica [14].
he width of this resonance indicates a broad distribution of Si–O–Si
ngles, which is synonymous with a disordered structure.

Several resonances appear when the reaction proceeds (Fig. 4b),
t −90, −85 and −79 ppm and attributed to Q3, Q2 and Q1 units,
espectively [13–15]. The Q4 peak corresponding to amorphous sil-
ca has totally disappeared.

. Discussion
We have shown in a recent study [7], that the heterogeneity
nd the structural state of the SiO2 compounds play a substantial
ole in the mechanism of the degradation. Only potassium diffuses
nside the grain while the calcium remains outside the grain at
Fig. 4. (a and b) 29Si MAS NMR spectra of r-SiO2 compared to a-SiO2.

the beginning of the reaction. In the present work, the penetration
of Ca and K in all parts of the grain indicates that the portlandite
Ca(OH)2 is totally consumed by the ASR. The heterogeneity of the
attack induces different ratio Ca/Si (less than 0.6) depending on the
zone analyzed. The total consumption of portlandite by the reaction
involves the formation of relatively stable phases in our samples.
This makes information obtained with analysis of the local order
more pertinent. These phases were identified by XRD as calcium
silicate hydrate (C–S–H). The peaks largely match the ICDD card
file numbers 83-1520, 34-0002, and 06-0453.

Based on their form and morphology, disordered needles nano-
metric size (∼100 nm) observed in Fig. 1b are attributed to
calcium silicate hydrated phases (C–S–H) as indicated in a previous
study [16]. The C–S–H compounds are highly complex, and with
widely varying composition with amorphous and nanocrystalline
behaviour.

The reaction affects the Si–O–Si bonds [6,7]. Complementary
information about the evolution of the short- and medium-range
order around silicon atoms is obtained from 29Si NMR. Several broad
peaks can be observed, typical of a distribution of isotopic chemi-
cal shift values caused by structural disorder. The reaction induces
depolymerisation of the SiO2 network, thus, creates Q3 species con-
sists of the sheet silicate structure, Q2 species (on SiO4 tetrahedra
in the middle of silicate chains) and Q1 (tetrahedral in the end of
silicates chain).
XANES technique gives information about the medium-range
order during depolymerisation process of SiO2 compounds. It has
been established that the various energy resonances above the edge
are a signature of the presence of environment with a different
degree of coordination for silicon atoms [9,17,18].
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ig. 5. Evolution of the intensity ratio of the f to A peak deduced from XANES spectra.

The resonances (B–D) observed in Fig. 3a, have been described in
revious studies [8,9,11], they are characteristic of crystalline SiO2
quartz). XANES spectra of the r-SiO2 at different points of the grain
ompared to starting a-SiO2 show that all spectra present a peak at
846.8 eV (with a shift of 0.4 eV), which is associated with the elec-
ronic transitions of the 1s to 3p state and attributed to tetrahedral
nvironment around the silicon [9]. However, a second peak around
843 eV appears in the degraded silica r-SiO2 only. The intensity of
his peak increases from the inside to outside of the grain. The ori-
in of this peak may be explained by the presence of silicon atoms
urrounded by a number of oxygen lower than four [19,20]. Both
ANES and NMR show strong modifications of the SiO2 network
t different scales. The ratio between both environments of silicon
btained by XANES (Fig. 3b) is shown in Fig. 5.

It is clearly demonstrated that the contribution of a silicon envi-
onment with a number of oxygen lower than four increases from
he inside to the outside. Unfortunately this information cannot
e obtained by NMR results dominated by bulk contribution. The
bsence of the peaks B–D in r-SiO2 indicates that no medium-range
rder is present after the reaction.

. Conclusions

Medium- and short-range order of amorphous silica submitted
o chemical stress is followed by CP-SEM, XANES, and NMR tech-
iques. The diffusion of calcium and potassium inside the structure
f a-SiO2 is evidenced. XANES and NMR analysis show that a-SiO2
etrahedrons, which form the starting silica network, are mostly
ffected. Micro-XANES spectra show the presence of a mixture of
nvironments of silicon with four oxygen atoms and with a number
f oxygen lower than four. The increase of the contribution of the

nvironment of silicon with a number of oxygen lower than four
rom the inside to the outside is observed. NMR results show that
rincipally Q3 and Q2 species are formed after the depolymerisation
f the predominantly Q4 species present in the starting amorphous
iO2.
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