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Pozzolanic reactivity and hydration products of

quartz

With quartz, desulfurized gypsum and calcium hydroxide as
the materials, this paper studies the pozzolanic reactivity of
finely ground quartz and performs XRD, IR, DSC, NMR and
SEM analysis on the hydration products of the neat paste
specimens. The results show that the compressive strength
of the finely ground neat quartz paste specimen is 5.66MPa
and 23.49MPa respectively at the age of 3d and 28d, which
indicates that the finely ground quartz has the pozzolanic
reactivity, and that its main hydration product is C-S-H gel.
With the curing age, C-S-H gel and zeolite-like facies
continuously increase, and C-S-H gel is produced on the
surfaces of quartz particles, gradually make the gaps smaller
between quartz particles.
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1. Introduction

biggest bottlenecks and constraints in economic and

social development. In the national 13th five-year
development plan, the core development goal “overall
improvement of ecological environment quality” was
proposed for the first time, which requires greatly improving
the efficiency of energy resources development and
utilization, promoting resource conservation and intensive
use and carrying out unprecedented green revolution. As of
2013, the comprehensive utilization of coal ash in the

I n the 21st century, resources and energy are one of the
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industrial solid waste had reached 69%, that of coal gangue
64%, and that of tailings only 18.9%][1]. Most of the oxides in
the tailings are similar to the raw materials required for cement
production, which makes it possible to produce building
materials using these tailings. Xuan et al., [2] carried out an
experimental study on sintering moderate heat portland
cement with lead-zinc tailings. The results show that when
lead-zinc tailings are used as ingredients, the mineral
formation will be good and that the sinterability of clinker will
be improved. Kutti et al., [3-4] prepared ultra-high-strength
cement-based composites mixed with mineral admixtures.
Some researches[5] also show that both silicate and quartz in
the tailings may be involved in the reaction that generates
ettringite and C-S-H gel, and that the lead-zinc tailing can be
used as the active admixture of concrete. In order to further
understand the role that quartz plays in the active admixture
consisting of lead-zinc tailings, the paper prepares the neat
paste specimen with quartz as the main material and studies
the pozzolanic reactivity and hydration products of quartz,
hoping to provide some bases for determining whether some
tailings have pozzolanic reactivity.

2. Test materials and methods

2.1 TEST MATERIALS

(1) Quartz: supplied by a company in Beijing. The chemical
composition is shown in Table 1. It can be seen that,
quartz contains up to 98.02% of SiO,, and also small
amounts of ALO,, Fe,O, and CaO. Fig.1 is the XRD
spectrum of quartz.

(2) Natural gypsum: supplied by Beijing Fangshan
Shuangshan Cement Plant. The chemical composition is
shown in Table 1.

(3) Calcium hydroxide: produced by Sinopharm Chemical
Reagent Co., Ltd., analytically pure.

2.2 TEST METHOD

First, use a jaw crusher to crush the quartz, and then grind
it in the sampling machine for 60min to obtain finely ground
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Fig.2 Particle size distribution of finely ground quartz

TABLE 1: MAIN CHEMICAL COMPONENTS OF QUARTZ (WT%)

Material Quartz Gypsum
Sio, 98.02 3.91
ALO, 0.80 3.61
Fe,0, 0.05 0.19
FeO 0.36 0.33
MgO 0.00 8.94
CaO 0.065 30.93
Na,O 0.00 0.15
K,0 0.56 0.25
Tio, 0.063 0.080
PO, 0.007 0.017
MnO 0.059 0.081
Loss 0.12 25.49
S 26.28

quartz with a specific surface area of 782m2/kg. The particle
size distribution is shown in Fig.2.

Mix finely ground quartz, natural gypsum and calcium
hydroxide at a ratio of 91:3:6, and add 0.3% PC water reducer
to prepare mixed dry powder (A). Then prepare a neat paste
specimen with a size of 30mmx30mmx50mm, with dry powder
as the raw material and at a water-binder ratio of 0.20. Perform
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standard curing (at a temperature of 20+1°C and a humidity
of no lower than 95%), and take samples respectively at the
age of 3d, 7d and 28d, which are denoted as B1, B2 and B3.
Perform XRD, SEM, DSC, IR and NMR. XRD analysis uses a
Rigaku D/MAX-RC 12kW rotating anode diffractometer
containing a Cu target, with a wave length of 1.5406A°, an
operating voltage of 40kV, an operating current of 150mA and
a scanned range of 5°<26<90°. The SEM analysis uses an
S250 scanning electron microscope, produced by Cambridge,
with an acceleration voltage of 20kV. The DSC analysis uses
the differential scanning calorimeter (Netzsch STA 449C,
Germany), with a temperature increasing rate of 10k/min, a
temperature range of 20~1000°C,and the air as the medium.
The IR analysis adopts an NEXUS70 fourier infrared
spectrometer (350~7000cm™1), with a resolution of 3cm™. The
working conditions are: humidity 68%, temperature 27°C,
frequency 56~60Hz and voltage 220~240V.

3. Analysis and discussion

3.1 COMPRESSIVE STRENGTH TEST ON THE NEAT QUARTZ PASTE
SPECIMEN

Table 2 shows the test results of the compressive strength
of the quartz neat paste specimen at all ages. It can be seen
that the compressive strength of the neat quartz paste
specimen at the age of 3d, 7d and 28d is 2.64MPa, 6.93MPa
and 12.31MPa, indicating that the mechanically ground quartz

has some pozzolanic reactivity.

TABLE 2: COMPRESSIVE STRENGTH OF THE NEAT QUARTZ PASTE SPECIMEN

AT ALL AGES
Curing age 3d 7d 28d
Compressive strength/ MPa 2.64 6.93 12.31

3.2 XRD ANALYSIS ON THE NEAT QUARTZ PASTE SPECIMEN

Fig.3 shows the XRD test results of the mixed dry powder
and neat paste specimen of quartz at all ages. As can be seen,
the characteristic peak of calcium hydroxide (26 18.04°,
28.67°,34.04°, 47.11° and 54.35°) is gradually weakened with

Fig.3 XRD spectra of mixed dry powder and neat paste specimen of
quartz at all ages (A: dry powder, B1: 3d, B2: 7d, B3: 28d)
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the age[6], until the age of 28d, when part of the peak almost
disappears. Within the 26 angle (26°-34°) where typical C-S-
H gel[7] can easily cause protrusion in the XRD spectra, in
the XRD spectra of the samples in this experiment, with the
curing age, the background value increases and small convex
hulls appear, indicating that the C-S-H gel in the samples is
on the growing trend with the curing age. The generation of
C-S-H gel is the source for the strength of the neat paste
specimen.

Fig.4 SEM images of the neat quartz paste specimen at the age of 3d

Fig.5 SEM images of the neat quartz paste specimen at the age of 7d
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3.3 SEM ANALYSIS ON THE NEAT QUARTZ PASTE SPECIMEN

Fig.4 shows the SEM images of the neat quartz paste
specimen under different magnification at all ages. Figs.4(a),
(b), (c) and (d) are the images of neat quartz paste specimen
at the age of 3d magnified by 5k, 20k, 50k and 100k times in
the same field of vision. From Fig.4(a) and 4(b), it can be seen
that, there is already C-S-H gel generated in the system at the
age of 3d, and that there are large gaps between the quartz
particles. Fig.4(d) shows a typical C-S-H gel structure, where

there are some particles with a size of less than
100mm. However, finely ground quartz does not
contain particles of such size, so it can be deduced
that these are C-S-H gel particles.

Figs.5(a), (b), (c) and (d) are the images of neat
quartz paste specimen at the age of 7d magnified by
5k, 20k, 50k and 100k times in the same field of
vision. From Fig.5(a) and Fig.5(b), it can be seen
that, the system structure is denser than that at the
age of 3d, and the gaps between quartz particles are
gradually narrowing. Figs.5(c) and 5(d) shows that,
at the age of 7d, the C-S-H gel particles are much
thicker and more solid, and the bonds between
these particles are firmer and more layered.

Figs.6(a), (b) and (c) and Figs.6(d), (e) and (f) are
the images of neat quartz paste specimen at the age
of 28d magnified by 5k, 20k, 50k and 100k times in
the same field of vision. From Figs.6(a) - 6(c), it can
be seen that, the system structure is very compact
at the age of 28d and that the finely ground quartz
particles are already covered by massive C-S-H gel.
The connections between particles are even tighter
than those at the age of 3d, and the C-S-H is of wavy
structure. In the center of Fig.6(d), there is a quartz
particle. Figs.6(e) and 6(f) are the magnified images
of the particle. As can be seen, on the surface of
this particle, there are some hydration product
particles with a size of less than 100nm. In this
system, these hydration products should be C-S-H
gel, indicating that C-S-H gel can be closely
attached to the surface of the quartz particle.

3.4 FT-IR ANALYSIS ON THE NEAT QUARTZ PASTE SPECIMEN

Fig.7 is the FT-IR spectra of the mixed dry powder
and neat paste specimen of quartz at all ages.

The absorption peak at the range from 3800cm-!
to 3000cm1 is the stretching band of the O-H bond
of different substances in the system, and the
absorption peak at 3643 cm! is the asymmetric
stretching vibration absorption peak of the O-H
bond in calcium hydroxide [7-10]. This absorption
peak is gradually weakened with the growth of the
age and almost disappears at the age of 28d,
indicating that with the hydration reaction going on,
the vast majority of calcium hydroxide is consumed.
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TABLE 3: PEAK-FIT PROCESSING RESULTS OF THE MIXED DRY POWDER AND NEAT PASTE

SPECIMEN OF QUARTZ AT ALL AGES BY PeakFIT

In the FT-IR spectrum of the mixed dry powder
sample, the absorption peak at 3420cm=! is the

Q¢ asymmetric stretching vibration peak of the O-H

Age Q? Q*
Mixed dry powder Relative area 2.32 4.7
Relative content (%) 2.17 4.39
3d Relative area 3.94 12.6
Relative content (%) 3.38 10.81
28d Relative area 7.94 5.58
Relative content (%) 6.99 4.92

bond that connects silica [7, 11], and the surfaces of

92(.);4 the fine particles of silicate minerals react with water
100 molecu!es in the air to form _such bonds. The surfage
g5 81 of the flne_Iy groun_d quartz is hydroxyl_ated when in
100 contact with the air, which also contributes to this
88,00 peak at 3420cm~. In the FT-IR spectra of the

samples, at the age of 3d, 7d and 28d, the absorption

peak at 3432cm~!, 3403cm~! and 3427cm7L,
respectively, is formed from the O-H bonds that
connect silicon dioxide and C-S-H gel. Note that
from the mixed dry powder sample to those at the
age of 3d, 7d and 28d, the wave number of the peak
increases, indicating that the average bond energy
of the O-H bonds increases with the age, and also
shows that the average gravitational force that
connects the O-H bonds and the cations is
continuously weakened. On the other hand, the
continuous enhancement of the absorption band
between 3800cm~ and 3000cm~ shows that the
hydration reaction is ongoing with the age, which is
consistent with the results obtained by XRD and
SEM analysis.

The absorption peak at 1621cm™ in the FT-IR
spectrum of the mixed dry powder sample is the
bending vibration peak of the O-H bond in the
hydroxyl structural water or crystal water. In this
system, the natural gypsum in the mixed dry powder
sample contributes to this peak. Similar absorption
peaks also appear at 1610cm=, 1623cm=! and
1633cm! at the age of 3d, 7d and 28d, respectively.
It can be seen from the figure that both the wave
number and sharpness of the absorption peak
increase with the age, indicating that the total
amount of C-S-H gel is continuously increasing.

Fig.6 SEM images of the neat quartz paste specimen at the age of 28d
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Fig.7 FT-IR spectra of mixed dry powder and neat paste specimen
of quartz at all ages (A: dry powder, B1: 3d, B2: 7d, B3: 28d)
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The absorption peak at 1430cm™ in the spectrum

at the age of 3d is the stretching vibration peak of C032[7,
12], which, in this system, is caused by the carbonization
reaction between the components of the mixed dry powder
sample and CO, in the air. Similar absorption peaks also occur
at 1432 cm™ and 1432 cm! at the age of 7d and 28d,
respectively. The area of the absorption peaks is increasing,
indicating that, during the preparation of the sample, the
sample continues to react with CO, in the air and undergoes
carbonation.

The absorption peak at 1087cm= in the FT-IR spectrum
of the mixed dry powder sample is the stretching vibration
peak of the Si-O bond in the quartz and the asymmetric
stretching vibration peak of the S-O bond in the natural
gypsum in this system[13, 14]. Similar absorption peaks also
appear at 1086cm1, 1082 cm and 1088 cm at the age of 3d,
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7d and 28d, respectively. It can be seen that the sharpness of
the peak decreases significantly from mixed dry powder to the
sample at the age of 3d, while from 3d to 28d, the sharpness
of the peak increases slightly and the peak area slightly
decreases during the whole reaction, indicating that Si-O
bonds in quartz exist in C-S-H gel and quartz crystals,
respectively, and that the degree of order in which the siloxane
tetrahedrons are arranged is low in the C-S-H gel, reducing
the sharpness of the peak. With the reaction, more Si-O bonds
are transferred from quartz crystals to C-S-H gel, and the
degree of order in which the siloxane tetrahedrons are
arranged in the C-S-H gel increases, making the sharpness of
the peak recovered.

The absorption peaks near 464cm™ is the asymmetric
bending vibration absorption peaks of the Si-O-Si bond in
silicate minerals. From the mixed dry powder sample to
samples at the age of 3d, the sharpness of the absorption peak
decreases, and from 3d to 28d, this peak keeps sharpening,
indicating that in the beginning of the reaction, the Si-O
bonds in quartz exist in C-S-H gel and quartz crystals,
respectively, that the degree of order in which silica
tetrahedrons are arranged in C-S-H gel is low, and that the
energy distribution of Si-O-Si bonds is not concentrated,
making the peak sharpness decrease. When the degree of
order of the silica tetrahedronsin C-S-H gel improves and the
energy distribution of Si-O-Si bonds is more concentrated, the
peak will continuously sharpen.

3.5 DSC ANALYSIS ON THE NEAT QUARTZ PASTE SPECIMEN

Fig.8 shows the DCS curves of the neat quartz paste
specimen at all ages. The exothermal valley at around 896.4°C
is caused by the generation of -wollastonite from C-S-H gel.
Most of the endothermic peak at around 699.7°C is caused
by the thermal decomposition and decarbonization of CaCO,
generated from carbonization of Ca(OH),[15]. The
endothermic peak at 576.8°C is caused by the conversion of
o-quartz to B-quartz. The absorption peak at 436.7°C is caused
by the decomposition of Ca(OH),[15]. This peak appears in
the sample at the age of 3d. It is not obvious at the age of 7d
and disappears at the age of 28d, indicating that during the
hydration process, Ca(OH), is being constantly consumed
and completely consumed at the age of 28d, which is
consistent with the results of XRD and FT-IR analysis in
section 6.4.2 and 6.4.4. The absorption peaks at 102.5°C,
101.9°C and 104.2°C are due to the dehydration of C-S-H
gel[15-16]. These three absorption peaks are sharp and high,
indicating that at the age of 3d, there is a considerable amount
of C-S-H gel generated in the system, which is consistent with
XRD, SEM and FT-IR analysis results.The weakpeak at
131.2°C is due to the dehydration of hemihydrate gypsum[17],
indicative of the presence of free gypsum in the sample at
the age of 3d, but there are only weak indications at the age
of 7d and 28d. This is also consistent with the results of XRD
analysis and FT-IR analysis.
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Fig.8 DSC curves of the neat quartz paste specimen at all ages (B1:
3d, B2: 7d, B3: 28d)

3.6 NMR ANALYSIS ON THE NEAT QUARTZ PASTE SPECIMEN

Fig.9 shows the 2°Si NMR spectra of the mixed dry
powder and neat paste specimen of quartz at all ages. The
peak absorption peaks of the mixed dry powder sample at —
83.99ppm and -92.27ppm are the peaks of Q2 and Q[6], but
pure quartz system should only contain Q*.The reason for
this phenomenon is that, when quartz is ground to very fine
powder, the specific surface area will be greatly increased, so
the proportion of hydroxylated silica tetrahedrons in the
system also increase significantly. In pure quartz, the ratio
between silicon and oxygen should be 2:1. Each silicon atom
connects four bridging oxygen ions to maintain charge
balance.When quartz is ground to very fine powder, the
surface will absorb the water in the air, hydroxyl ions will
combine with the silicon atoms, and hydrogen ions will
combine with the oxygen atoms. At this time, some parts
do not need bridging oxygen connections to maintain
their charge balance, and that is why Q? and Q2 are present
in the system.

The main absorption peak of the mixed dry powder sample

1 I
i e -la -5 -1

Ppm

Fig.9 29Si NMR spectra of the mixed dry powder and neat paste
specimen of quartz at all ages (A: dry powder, B1: 3d, B3: 28d)
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at -110.63ppm is the peak of Q*. After mechanical activation,
the 3D network structure of the particle surface Q* is damaged
to different extents. The essence of nuclear magnetic
resonance is to reflect the extranuclear electron cloud density
of nucleus. In this system, when quartz is ground to very fine
powder, there are a large number of near-surface and internal
silicon-oxygen bonds of different angles and lengths, so the
half-peak will be very wide and not sharp. The section from -
98ppm to -110.63ppm is the near-surface Q* and that from -
110.63ppm to -129ppm is the internal Q* As the reaction
proceeds, the height of the main peak decreases and the
width of the peak increases, and the peak top is divided into
two. At the age of 3d, the samples are at -108.5ppm and -
112.11ppm, respectively, and at the age of 28d, the samples
are at -107.96ppm and -116.25ppm. The main peak shows a
trend from being concentrated in the high field to being
scattered in the low field, indicating that the Q* content and
the crystallinity in the system decrease but that the
proportions of Q% Q!, Q2 and Q2 increase in the system. The
top of the peak is divided into two, indicating that the Q* in
the system exists in two parts. The absorption peak at -
107.96ppm is the Q* near the reaction layer, while the
absorption peak at -116.25ppm is superimposed jointly by the
Q* inside the quartz particles not completely reacted and the
Q* in the zeolite-like facies[18].

The intensity of each absorption peak decreases from the
dry powder sample to that at the age of 3d, but the intensity
increases from 3d to 28d, indicating that in the initial reaction,
the network structure of silicon-oxide polyhedrons in the
systemis chemically excited by hydroxyl ions, causing the
bonds in the network structureto break and form single or
low-polyhedral silicon polyhedra structure. Compared to the
samples at the age of 3d and 28d, the intensity of Q° and Q*
peaks increases and the peaks move from -72.14ppm and -
77.77ppm to -72.74ppm and -79.84ppm, respectively, and the
intensity of Q% and Q* peaks increases and the peaks move
from -96.12ppm and -108.85ppm to -93.16ppm and -
107.96ppm.The absorption peak at Q? changes from being not
obvious to being significant at -86.95ppm, indicating that the
proportion of Q? in the system increases and the crystallinity
increases. Q? represents the silicon tetrahedron bonded to
two silicon tetrahedrons, i.e., straight-chain or cyclic-structure
silicon tetrahedron. The typical structure of C-S-H gel is
precisely the chain structure, indicating that as the reaction
progresses, C-S-H gel is generated in the system and its
content increases with the age. This is consistent with the
results of XRD, SEM, FT-IR and DSC analysis from Sections
6.4.2 through 6.4.5.

Through the peak-fit processing by the PeakFit software,
the relative area and relative content of hydration products
at different ages are obtained, as listed in Table 3. It can be
seen that, over the age, the relative content of Q? increases
gradually from 2.17% in the mixed dry powder to 6.99% in the
sample at the age of 28d. This is because with the reaction
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going, the amount of C-S-H gel continuously increases, and
the main structure of C-S-H gel is chain silicate.

The relative content of Q3 increases from 4.39% in the
mixed dry powder to 10.81% in the sample at the age of 3d.
This is because in the beginning of the reaction, C-S-H gel
grows directly on the surface of quartz particles and the
proportion of the connection between gel and quartz particles
increases, which leads to the increase in the specific gravity
of Q3. With the reaction progressing, the particle surface is
being covered, that is, the amount of Q2 is close to saturation,
while the amounts of C-S-H gel and zeolite-like facies are still
increasing, so the proportion of Q2 will be relatively lower and
its relative content drops to 4.92% at the age of 28d.

The relative content of Q* decreases from 93.44% in the
mixed dry powder to 85.81% in the sample at the age of 3d,
because with the reaction progressing, the amount of C-S-H
gel increases in the system, lowering the proportion of Q%
and with the growth of age, the Q* in the system is divided
into original Q* in quartz and zeolite-like facies. The increase
in the total amount of the two leads to the increase in the
relative content of Q* which reaches 88.09% at the age of
28d. This also supports the view that in the NMR spectrum,
the top of the Q* main peak is divided into two, i.e. Q* in the
system exists in two forms.

4. Conclusions

(1) The compressive strength of the finely ground neat quartz
paste specimen is 5.66MPa and 23.49MPa respectively at
the age of 3d and 28d, which indicates that the finely
ground quartz has the pozzolanic reactivity

(2) According to the XRD, SEM, IR, DSC and NMR analysis
results of hydration products, the main hydration product
of quartz is C-S-H gel. With the curing age, C-S-H gel and
zeolite-like facies continuously increase, and C-S-H gel is
produced on the surfaces of quartz particles, gradually
making the gaps smaller between quartz particles.
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