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A Comparative Study of Different Amorphous and 
Paracrystalline Silica by NMR and SEM/EDS

JIA Yuan, WANG Baomin*, ZHANG Tingting* 
(School of Civil Engineering, Dalian University of Technology, Dalian 116024, China)

Abstract: This work aimed to research the structure models of amorphous materials. Five amorphous 
and paracrystalline samples (natural or artificial) were investigated via 29Si/27Al nuclear magnetic resonance 
(NMR) and field emission scanning electron microscopy/energy dispersive spectroscopy (FE-SEM/EDS). 
The results of NMR showed the resonances of different specimens: -93.2 ppm, -101.8 ppm, -111.8 ppm 
for natural pozzolana opal shale (POS). These peaks were assigned to the Q2(2OH), Q3(OH)/Q4(1Al) and Q4 

respectively. The results of 27Al MAS NMR indicated that Al substituted for Si site in tetrahedral existing in 
the POS, while the Al/Si atomic ratio in opal was low (around 0.04). For the alkali-silicate-hydrate gel, there 
were at least three resolved signals assigned to Q0 and Q1, respectively. For the fused silica glass powder, there 
were the primary signals centered about at the range from -107 to -137 ppm, which were assigned to Q4 units. 
In addition, the peaks at around -98 and -108 ppm were corresponding to Q3(1OH) and Q4 units existing in 
aerogel silica structure. 
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1  Introduction

J B Jones et al reported the scanning electron 
microscopy (SEM) images of the surface of opal 
firstly[1]. The microstructure of opal was observed 
directly and showed regular arrangement of nanoscale 
spheres. Afterwards, many researchers devoted 
themselves to study the preparation methods of novel 
silicious materials which possess similar structure of 
opal, such as aerogel silica. Aerogel silica has many 

excellent properties: low density, thermal insulation 
property, high porosity and so on. However, high-cost 
and cumbersome process of preparation constrain the 
application of aerogel silica[2-4]. The natural pozzolana 
opal shale (POS), which contains high percentages of 
opal sphere, is widely distributed in tertiary lacustrine 
deposit in China[5]. The silica in POS observed under 
the SEM and X-ray diffraction (XRD) was opal-A, 
opal-CT and quartz. Compared with precious opal and 
aerogel silica, cost of POS is much lower. It can be 
applied to catalysis as carrier and maintain moisture as 
cosmetic[6-8]. 

There are diversities of opals in nature. All of 
them are divided into two types by XRD: precious opal 
and common opal. Precious opal is totally composed of 
the amorphous silicas (opal-A), while there are some 
microcrystal silica (opal-C/opal-CT) detected by XRD 
in common opal. Jones and Segnit[9] classified opal into 
three groups in detail. Opals with XRD pattern similar 
to α-cristobalite without tridymite were designated as 
opal-C; Opals which have signals of both microcrystal 
cristobalite and tridymite were termed as opal-CT. 
Opals that resemble amorphous silica were affirmed 
as opal-A[10,11]. Langer and Flörke[12] divided opal-A 
into two groups, opal-AG for gel-like, and opal-AN 
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for network-or glass-like.Opal-A forms nano-spheres 
existing in the sample like botryoidal cluster[13]. The 
opal-CT (disordered α-cristobalite and tridymite) which 
has flaky texture ranges from 3 to over 10 μm across, 
however thickness is the nanoscale. Wise et al[14] and 
Flörke et al[15] described opal-CT as lepisphere (sphere 
of blades) or rosette-like. It is noticeable that the trend 
of lepisphere formation is random and disordered. 

The purpose of this study is to characterize 
the structure models of the different varieties of 
microcrystal/amorphous silicas detailedly in order to 
extend the application. 29Si and 27Al nuclear magnetic 
resonance (NMR) spectra have been one of the 
effective ways to characterize microcosmic structure 
of siliceous materials. The standard Qn notation is 
used, where Q represents a given silica tetrahedron, 
and n represents the number of associated Si-O-
Si per tetrahedron[16]. Q0 represents nesosilicate. Q1 
represents chain-end group tetrahedra of dimeric or 
polymeric silicate units. Q2 which can be defined as 
Q2P (the “paired” tetrahedral) and Q2B (“bridging” 
tetrahedra) represents the middle-chain groups[17,18]. 
Q3 and Q4 represent layer tetrahedra and tectosilicate 
separately[19,20]. In certain circumstances, intermediate 
ions, such as Al or Fe, replace Si in the silica polymer 
but do not destroy the original network. There is the 
placement of Al in the network in either tetrahedral or 
octahedral coordination[21]. Morever, in order to verify 
the result of NMR, energy dispersive spectroscopy 
(EDS) have been applied to show the elementary 
composition on the local scale[22-24]. 

2  Experimental

2.1  Materials
Different amorphous silicious materials chosen 

for this experiment were from commercial supplier, 
such as high-purity melted quartz powder, hexagonal 
silica, alkali-silicate-hydrate gel (A-S-H gel) and 
natural pozzolana opal shale (POS).

The bulk chemical analysis of the dried POS at 
105 for 4 h was as mass%: SiO2 88.35, TiO2 0.05, Al2O3 

2.46, Fe2O3 0.91, MgO 0.49, CaO 0.12, Na2O 2.31, 
K2O 0.23 and loss on ignition (LOI) 5.13. Al/Si atomic 
ratio in POS was 0.052.
2.2  Specimens preparation
2.2.1  Natural amorphous silica preparation

For this study, the natural pozzolana opal shale was 
used in the experiments after grinding to pass through 
a 0.074 mm (200 mesh) sieve. Based on the curve of 

thermo-gravimetric analysis (TGA)( Fig.1) of POS-
40, the heating treatment temperature was set at 105, 
600, and 1 100 ℃ for 2 h, respectively. POS sample 
was cut, then polished and affixed on 27×46×1.2 mm 
glass slides. The surface of the specimen was polished 
down to a thickness of ca. 0.03 mm in order to make a 
research by FE-SEM/EDS.

2.2.2  Alkali-silicate-hydrate (A-S-H) gel preparation

Alkali-silicate-hydrate (A-S-H) gel preparation 
was conducted by mixing the high-purity melted quartz 
powder with sodium hydroxide solution (1 mol/L). 
Specific compositions for aggregate powder reactions 
are list in Table 2. NaOH was dissolved in distilled 
water 24 h prior to mixing, sealed in jars, and stored at 
room time (25±1 ℃). The pastes were mixed using a 
magnetic stirring apparatus for 4 h. The fresh sample 
was poured into plastic bottles of 100 mL. The bottles 
were sealed, and then stored at room temperature for 

Q: quartz powder; MQ: high-purity melted quartz powder; MQ-G: the 
high-purity melted quartz powder was mixed with NaOH solution; MQ-
A-G: the high-purity melted quartz powder and Al(NO3)3 were mixed 
with NaOH solution
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100 d. Prior to the analyses, the samples were dried in 
an oven at 40  ℃ for about 48 h[27]. 
2.2.3  Aerogel silica preparation

Aerogel silica (AS) was modified by ethyl alcohol 
(EtOH)/Tri methyl chloro silane (TMCS)/n-hexane 
solution via ambient pressure drying[28]. After solution 
exchanging and aging, the wet gels were immersed 
in EtOH/TMCS/n-hexane solution at 40 ℃ for 48 h. 
Wang Lijiu et al[29] identified the optimum conditions 
for modification (the mole ratio of EtOH:TMCS=1:1 
and the volume ratio of TMCS: wet gels =1:1). The 
modified wet gels were dried at room temperature for 
24 h, then dried in a vacuum drying oven at 50 ℃ for 
24 h[30]. 
2.3  Test methods

Fragments from the specimens of ca. 0.5 cm 
across were prepared for study under the field emission 
scanning electron microscope (FE-SEM: NOVA 
NanoSEM 450)[5]. Samples were attached onto stubs, 
then coated with gold by the sputter coater for 2 min 
using 15 mA of electrical current under pressure of 
30 Pa. Energy dispersive spectroscopy (EDS) is an 
important subsidiary component of field emission 
scanning electron microscopy, which can be used for 
qualitative and quantitative analysis of the distribution 
of elements on the micro area of the material in 1 
to 3 minutes. The microstructures of samples were 
determined by FE-SEM, as well as the mole ratio of Al/
Si was identified by EDS.

Composites were characterized by 29Si/27Al 
nuclear magnetic resonance (NMR) spectra using a 
Bruker Avance III 500 MHz spectrometer (field strength 
of 9.4 T; operating frequency of 79.5 MHz for 29Si and 
104.26 MHz for 27Al). Samples were packed into 4mm 
zirconia rotors and spun at 8 kHz for 29Si and 12 kHz 
for 27Al. The 29Si and 27Al chemical shifts were referred 
to external samples of the tetramethylsilane (TMS) and 
a 1.0 mol/L AlCl3·6H2O solution, respectively. 

3  Results

3.1  29Si MAS NMR spectra of different 
amorphous silicious materials
Figs.2 (a, b, c) illustrate the 29Si NMR spectra 

of the natural pozzolana opal shale at different 
temperature. The results of NMR spectra are given 
in Table 3. According to previous study[16], the peaks 
at around -92 and -101 ppm, are corresponding to 
Q2(2OH), Q3(OH), which are attributed to silicate units 
in layered structure such as montmorillonite. However, 

the peak at -101 ppm is assigned to Q4(1Al) unit too, 
which is ascribed to Al substituting silicate units in 
framework structure. The peak at around -111 ppm is 
attribute to Q4 unit in framework. 

As described by the data in Table 3, the relative 
intensity of Q4 unit is between sixty and eighty 
percent. It illustrates that the structure of opal-A is 
still framework. With the increase of heat treatment 
temperature, the relative intensity of Q2(2OH) site 
decreases gradually, on the contrary to Q4 site. Because 
of dehydroxylation of montmorillonite, Q2(2OH) and 
Q3(OH) sites more into Q4 site. Moreover, the relative 
intensity of peak at -102 ppm decreases below 600 ℃, 
and rises afterward. 
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In order to explore the structure of POS, some 
natural and artificial amorphous silicas are chosen to 
compare, such as melted quartz powder, the quartz 
powder, alkali-silicate-hydrate (A-S-H) gel and aerogel 
silica(AS). It is observable to identify the differences in 
the molecule structure of amorphous silicious materials. 
For the high-purity melted quartz powder (Fig.3(a)) 
and the quartz powder (Fig.3(b)), there are the primary 
signals centered about at more than -107 ppm, which 
are assigned to Q4 units. Because of high-purity melted 
quartz is highly-disordered, Q4 units are differentiated 
into some small peaks. There are Q2 and Q3 existing in 
quartz sample attributing to mechanical polishing. The 
polishing process destroys the original frame structure 

of quartz. For the alkali-silicate-hydrate gel, there are at 
least three resolved signals centered at -68, -71 and 
-76 ppm, which are assigned to Q0 and Q1 (Fig.3(c)), 
respectively. However, alkali-silicate-hydrate gel is 
prepared with Al(NO3)3 (Fig.3(d)) resulting in structure 
transformation. Evidently, a few new signals at about 
-82, -83, -87 and -92.9 ppm appear, which can 
be attributed to Q2B, Q2P, Q3(1Al/1OH), and Q3(1OH) 
respectively. The transformation indicates that the 
structure of gel transforms from island to layer due to 
the increase in the degree of polymerization. The signal 
in this chemical shift region is assigned to Q3 attached 
to aluminum atoms. Fig.3(e) shows the peaks at around 
-98 and -108 ppm are corresponding to Q3(1OH) and 
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Q4 units existing in aerogel silica structure. 
3.2  27Al MAS NMR spectra of different 

amorphous silicious materials
According to previous studies [31], four-fold 

coordinated(AlIV) is revealed by shifts from 50 to 80 
ppm, while six-fold coordinated(AlVI) is indicated by 
shifts from -10 to 20 ppm. The resulted 27Al NMR 
spectra of POS are shown in Fig.4. There are two 
resonances: one signal at about 55 ppm and the other at 
3 ppm. With the increase of temperature, the intensity 
of six-fold coordinated peak decreases sharply, even 
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disappears finally. For the alkali-silicate-hydrate gel 
with Al(NO3)3 (MQ-A-G, Fig.5), the 27Al NMR spectra 
display a single resonance around 59 ppm. The result 
establishes that Al ions substituting for silicon atoms 
are all in a tetrahedral arrangement[16]. 

According to the data of 29Si NMR spectra, Al/

Si atomic ratio in tetrahedron can be obtained with the 
following equations via the deconvolution area[25,26]. 

Natural pozzolana opal shale:  

   (1)

Alkali-silicate-hydrate (A-S-H) gel :

    (2)

3.3  FE-SEM and EDX analysis
Fig.6 and Fig.7 show the SEM micrographs of 

POS particles at 40 and 1 100 ℃ separately. POS 
particles are covered with a mass of amorphous SiO2 
(Fig.6(a)). When the magnification gets to 160 000×, 
some schistose particles are found between spheres 
(Fig.6(b)). After heat treatment, amorphous SiO2 
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spheres fuse and interact with each other(Figs.7(a,b,c)). 
According to the EDS energy spectrum analysis of 
amorphous SiO2 spheres and schistose particles, 
different testing data were obtained. Amorphous SiO2 
spheres have low Al/Si atomic ratio (0.04), while 
schistose particles have higher Al/Si atomic ratio (0.19-
0.23). This is contrast to previous studies[16], which 
indicates that there is little Al for Si substitution. The 
schistose particle might be montmorillonite grain. 
The data of EDS shows that schistose particles are 
montmorillonite possiblly, which demonstrates the 
reason for the increase of Al/Si atomic ratio. 

 4  Discussion

Both natural pozzolana opal shale and aerogel 
silica are frame structures. They have relatively parallel 
structure. However, there is a disparity in percentage 
of Q3 and Q4 units. Aerogel silica consists of a large 
number of independent spheres with Si-OH on the 
surface, while the opal-A particles of POS interact with 
each other resulting in the decrease of Q3(OH). Opal-A 
and opal-CT are the major silica minerals of POS. 
Langer and Flrke[11] divided opal-A into non-crystalline 
opal-AN (net-work-like) and opal-AG (gel-like). The 
former was natural silica glass which was transported 
by water steam and deposited on the volcanic 
rocks[16] and the latter was an aggregate of non-/
micro-crystalline silica particles which was formed at 
relatively low temperatures[4,8,32]. It is very difficult to 
distinguish opal-AN and opal-AG under conventional 
detection devices, such as IR, XRD and SEM. 
According to NMR data, it is obvious that the atomic 
structure of POS differs from high-purity melted quartz 
powder which is typically glassy. The atomic structure 
of the glassy material is more complex due to the effect 
of high temperature. The characteristic of melted quartz 
is short-range order and long-range disorder leading to 
the dissociation of Q4 unit. The opal-A sphere of POS is 
more likely to belong to opal-AG. Quartz whose main 
resonance is -107 ppm for Q4 is typical crystal, which 
is hardly detected on POS under NMR in contrast with 
the result of XRD. It is illustrated that the content of 
quartz is rare, although quartz in POS is crystallized 
well. 

Compared with the network structure of aerogel 
silica, alkali-silicate-hydrate (A-S-H) gel without Al3+ 

is island structure. After Al3+ is added in the A-S-H gel, 
nesosilicates structure transforms into layer structure. 
Al3+ plays a key role in chaining free silicon-oxygen 

tetrahedral together. Fig.5 shows Al ions take the place 
of Si sites completely. The calculated value of A-S-H 
gel with Al3+ under NMR is approximately 0.249. In the 
alkali-silicate system, Al3+ can be involved in the gel 
easily. On the contrary, Fig.6 and Fig.7 indicate opal-A 
contain as much as 0.04 (Al/Si molar ratio). It is in 
contract to some previous studies[16,33], which reported 
little or no Al for Si substitution in opals. 

Table 5 shows that the calculated value of Al/
Si atomic ratio of POS without thermal treatment is 
approximately 0.035, which is close to the Al/Si atomic 
ratio of opal-A spheres. Actually, the value contains the 
content of Q3(1OH) and Q4(1Al). With the increase of 
temperature, montmorillonite disintegrates gradually 
and aluminium-oxygen octahedron transforms 
into aluminium-oxygen tetrahedron. Because Al 
substituting for Si unit can not happen under 1 100 
℃, transformation quantity can not detected by 29Si 
NMR. When the temperature is over 1 100 ℃, Al starts 
to substitute Si due to the fusion of POS. This is the 
reason for the increase of calculated value of Al/Si 
atomic ratio. 

5  Conclusions

The natural pozzolana opal shale is composed 
of non- or micro-crystal, quartz and montmorillonite. 
Opal-A is non-crystal and opal-CT is micro-crystal. 
Frame work represents the structure of opal-A and 
opal-CT. Moreover, montmorilllonite is layer structure 
and aluminium-oxygen octahedron can transform 
into aluminium-oxygen tetrahedron under heating 
at 1 100 ℃. The atomic structure model of opal-A 
which is interconnected gel-state sphere cluster, is 
consistent with aerogel silica. On the contrary, there is 
great difference in the structures of opal-A and A-S-H 
gel/ melted quartz. In alkaline environment, Al3+ can 
substitute for Si in ASH gel easily. The result of the 
detection validates that Al ions substituting for silicon 
atoms can occur in the diagenetic process. However, 
the replacement rate is low. The content of Al in opal-A 
is 0.04. 
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