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Abstract

Silica fume (SF) and dealuminated kaolin (DK) were investigated for their pozzolanic activities. The kinetics of the SF—lime and DK —
lime reactions were investigated in pastes at room temperature, 100°C, and 180°C by the determination of unreacted lime and combined
water. The hydration products were identified by X-ray diffraction (XRD). The variations in mechanical properties were correlated with the
reaction kinetics and the hydration products formed. DK exhibited higher reactivity than SF at all temperatures studied. Tobermorite was
formed at 100°C in the high-lime DK mix at 14 days and extensively formed by autoclaving at 180°C curing due to the presence of Al and
sulfate in the DK. The very low C/S ratios of SF mixes and low-lime DK mix prevent tobermorite formation and promote the formation of

poorly crystalline C-S-H with a higher surface area. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is currently great interest in exploiting the pozzo-
lanic and cementitious properties of various waste materials
by incorporating them in building products [1-3]. World-
wide expansion in the production and usage of autoclaved
building materials has created the opportunity for replacing
sand and lime (partly or wholly) by industrial by-products.
These by-products may be unreactive at ordinary tempera-
tures, but possess cementing properties at higher tempera-
tures [4—7]. However, the utilization of by-products in
autoclaved building materials is controlled by the suitability
of these materials for this purpose, by the local economy
and by the competitive position of other building materials
within the area. Further, it may be desirable to replace sand
or lime with by-products if this improves the end products
or reduces the production cost through a reduction in the
autoclaving time or temperature.

In a previous study [8], a comparison study was made
between the reactivities of silica fume (SF) and deal-
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uminated kaolin (DK). It was found that DK has a higher
surface area (90.5 m*/g) and a much higher reactivity than
SF (18.8 m?*/g) especially during early age of hydration.
The higher reactivity of DK was accounted for in part by
the presence of hydrated silica (silanol groups; Si—OH).

The aim of this research is to establish optimal methods
by which waste by-products can be recycled in building
materials by normal curing or by reaction at higher tem-
peratures. The pozzolanic reaction occurs mainly with lime
in concrete during normal curing [9,10] or in other building
materials produced at higher temperatures [5,11,12]. Estab-
lishing the mechanism of the pozzolan—lime reaction,
together with determination of the mechanical properties,
is fundamental for facilitating utilization and improving the
characteristics of these pozzolanic materials.

2. Materials and methods

SF was obtained from Ferrosilicon Co., Edfo, Egypt. DK
was obtained from Egyption Shaba, Egypt. It is produced as
a waste by-product of aluminum extraction from calcined
kaolin by sulfuric acid. The details of characterization of SF
and DK are given in another paper [8].
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Table 1

Pozzolan—lime mixes

Mix SF DK Ca(OH), W/S
SFI 80 - 20 0.70
SFII 60 - 40 0.57
DKI - 80 20 0.40
DKII - 60 40 0.40

Different mixes of these pozzolanic by-products and
hydrated lime were prepared by mixing appropriate propor-
tions of the starting materials in a ball mill for 1 h. The
pastes were prepared with different water/solid ratios to
attain a suitable workability as shown in Table 1. Cylindrical
specimens were molded into a stainless steel mould by hand
to produce specimens 2 cm in diameter and about 2 cm
high. These were cured at 100% relative humidity for 12 h
to attain initial setting, then cured under water at different
temperatures. Specimens were cured at room temperature
for 1, 3, 7, 28 and 90 days, at 100°C for 0.5, 1, 3, 7 and 14
days and at 180°C for 0.5, 2, 6, 12 and 24 h.

Compressive strengths were determined on wet samples
cured at room temperature and 100°C at each time. The
apparent porosities were determined using the standard
liquid volume method adopted by the ASTM [13]. Prior
to analyzing the phases present, the hydration reaction was
stopped by immersing about 10 g of the ground specimen in
about 100 ml of methanol/acetone mixture (1:1) by volume
and stirring magnetically for 30 min. The solids were
filtered off, washed with methanol, then dried at 105°C
for 24 h. Samples cured at 180°C were tested for compres-
sive strengths after drying at 105°C for 24 h. A specimen
from each core was taken for completing other analyses.
The dried samples were tested for their free lime contents
using the modified Franke method [14], tested for combined
water contents and examined by X-ray diffraction (XRD).
The combined water contents were calculated from the loss
on ignition at 900°C after correction for the loss in weight
due to free lime. XRD analyses were performed using an
automated diffractometer (Scintag, Sunnyvale, CA), at a
step size of 0.02°, scan rate of 2° per min, and a scan range
from 4° to 60° 2.

3. Pozzolan—lime reactions at room temperature

Fig. 1 shows the changes in the compressive strengths of
the SF—lime and DK —lime mixes hydrated for up to 90 days.
The compressive strengths increase with increasing hydra-
tion time for both pozzolan—lime mixes. SF mixes with
high-lime contents (SFII) show higher compressive strength
values than those with low-lime contents (SFI), at all ages of
hydration. This is due both to the larger the amount of C-S-H
formed and to the decrease in porosity as the W/S ratio
decreases from 0.7 to 0.57 (Table 2).

DK mixes show higher compressive strength values than
SF mixes, especially at early ages. However, the high-lime
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Fig. 1. Compressive strengths of SF—lime and DK —lime mixes cured at
room temperature.

mix (DKII) shows lower compressive strength values than
the low-lime mix (DKI). This is due to its higher initial
porosity, despite of the same W/S ratio for both mixes, see
Tables 2 and 3.

The kinetics of hydration were studied by determining
the chemically combined water contents (Wn) and free lime
contents at different ages of hydration. The results of free
lime determination are given in Fig. 2. The free lime
contents of all mixes decrease sharply during the first day
of hydration. Beyond the first day the free lime contents for
the low-lime mixes (SFI and DKI) decrease slowly. The free
lime contents of the high-lime mixes (SFII and DKII)
continue to sharply decrease up for the first week. This
indicates that the rates of lime consumption depends on the
unreacted lime contents on the mixes. DK have a higher
lime fixation ability than SF at early ages, but both mixes
have fixed all the lime by 90 days of hydration.

Combined water contents (Wn), as shown in Table 2,
increase for both low-lime mixes (SFI and DKI) during the
first 3 days, then decrease during the later ages of hydration.
Mix SFII shows the same trend but with a maximum

Table 2
Combined water contents and porosity of SF and DK mixes cured at room
temperature

Mix 1 day 3 days 7 days 28 days 90 days
Combined water

SFI 7.8 13.9 10.2 9.8 8.6
SFII 10.5 132 15.1 13.4 12.8
DKI 12.2 13.6 11.2 10.0 8.8
DKII 11.4 11.9 11.9 12.6 153
Porosity (vol.%)

SFI 59 60 61 61 60
SFII 58 59 60 60 57
DKI 51 54 54 54 52
DKII 53 58 58 58 56
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Table 3

Combined water contents and porosity of SF and DK mixes cured at 100°C
Mix 0.5 day 1 day 3 days 7 days 14 days
Combined water

SFI 10.2 10.6 10.8 11.1 8.9
SFII 132 14.1 14.3 17.8 13.7
DKI 11.2 10.9 12.0 13.8 12.9
DKII 12.1 16.1 16.6 14.3 13.1
Porosity (vol.%)

SFI 60 59 60 60 59

SFII 58 58 57 56 58

DKI 50 51 53 53 52
DKII 53 54 55 55 57

increase in combined water content after 1 week. The
combined water contents of the DKII mix show continuous
slow increases after the first day of hydration.

XRD analyses were carried out on samples hydrated for 3
and 90 days. Fig. 3 shows XRD analyses for the SF mixes.
The main phase detected is C-S-H. The amorphous hump
associated with the SF (centered at 20 =22°) is reduced with
the progress of hydration and the peak, characteristic of C-S-
H (20 =28°) increases. As expected, the SF broad band is
still clearly detected at 28 days in the low-lime mix, indicat-
ing a large amount of SF is still unreacted.

XRD patterns of the DK mixes shown in Fig. 4 confirm
the higher reactivity of DK. The low-lime mix (DKI) shows
no calcium hydroxide peaks after hydration for 3 days and the
peaks characteristic of CaSOy,-1/2H,0 are present. Because
the small amount of C-S-H formed, cannot accommodate all
the sulfate ions [15—18], CaSO4-2H,O was retained and
converted to CaSOy,-1/2H,0 by drying at 105°C.

4. Pozzolan—lime reaction at 100°C

The changes in the compressive strengths of the mixes
during 14 days are given in Fig. 5. The large gains in the
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Fig. 2. Free lime contents of SF—lime and DK —lime mixes cured at room
temperature.
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Fig. 3. XRD of SF—lime mixes cured at room temperature for different
times.

compressive strengths occur during the first 12 h as a
result of the acceleration of the lime—silica reaction at
100°C. Between 1 and 14 days, the strengths increase at a
slower rate.

The high-lime SF mix (SFII) shows larger compressive
strength values than the low-lime mix (SFI) at all ages, and
the strength differences are greater than those for mixes
cured at room temperature. During the first 3 days, the
strength of mix DKI is higher than that of mix DKII. This is
due to the decrease in porosity of the initial mix and the
partial transformation of the initially formed high-lime C-S-
H to a C-S-H with a lower lime content and a higher binding
ability [19,20]. However, between 7 and 14 days, the
strength of mix DKII becomes higher due to the higher
the amount of C-S-H formed.

The kinetics of hydration of the mixes were studied by
determining the chemically combined water contents (Wn)
and free lime contents. Fig. 6 shows the free lime contents
of all mixes decrease sharply during the first 12 h of
hydration. Subsequent to this, there are further decreases
in free lime at slow rates. Free lime contents of DK mixes
are lower than those of the corresponding SF mixes at all
ages of hydration.

Combined water contents (Wn) (Table 3) typically show
a large increase in the first 12 h of curing, for both mixes,
followed by a continuous increase for up to 7 days curing.
The exception is mix DKII, whose combined water starts to
decrease after 3 days. By 14 days the combined water
contents decline for all mixes. Mixes SFII and DKII show
larger combined water contents at all curing times than
mixes SFI and DKI.
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Fig. 4. XRD of DK-lime mixes cured at room temperature for different
times.

XRD analyses were carried out for samples cured up to
14 days to identify the crystalline solid phases. The diffrac-
tion patterns are given in Fig. 7, indicating the main phase to
be C-S-H. At room temperature, peaks characteristic of
CaS0y4-1/2H,0 appeared in the low lime mix (DKI). Mix
DKII shows the appearance of the peaks of tobermorite, but
no hemihydrate peaks appear. This indicates that tobermor-
ite can be formed at 100°C in the presence of aluminum and
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Fig. 5. Compressive strengths of SF—lime and DK —lime mixes cured at
100°C.
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Fig. 6. Free lime contents of SF—lime and DK —lime mixes cured at 100°C.

sulfate ions by using very reactive silica. Sauman [21] and
others [22] found that sulfate ions substitute in the lattice of
11 A tobermorite at 180°C and accelerate its formation from
C-S-H gel and that aluminate ions condition the effect of
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Fig. 7. XRD of SF-lime and DK —lime mixes cured at 100°C for different
times.
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Fig. 8. Compressive strengths of SF—lime and DK —lime mixes cured at
180°C.

sulfate. The presence of quartz in DK may also accelerate
tobermorite formation. Chan and Mitsuda [23] found that
when colloidal silica was the sole silica source with CaO, C-
S-H did not convert to tobermorite even after 20 h auto-
claving at 180°C. However, samples made with quartz and
colloidal silica did convert to tobermorite.

5. Pozzolan—lime reaction at 180°C

The changes in the compressive strengths of the pozzo-
lan—lime mixes autoclaved at 180°C are given in Fig. 8. At
this temperature, mix SFI (20% lime) shows higher com-
pressive strengths than mix SFII (40% lime) at curing times
of 0.5 and 2 h. Because, free lime is nearly consumed after
autoclaving for 0.5 h, the initially formed high-lime C-S-H
appears to react with silica and transform to a low-lime C-S-
H having a higher binding ability.
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Fig. 9. Free lime contents of SF—lime and DK —lime mixes cured at 180°C.
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Table 4
Combined water contents and porosity of SF and DK mixes cured at 180°C
Mix 05h 2h 6h 12h 24 h
Combined water
SFI 10.6 11.6 12.0 11.9 10.8
SFII 13.3 16.4 16.4 14.3 20.6
DKI 14.5 16.1 14.6 14.2 14.9
DKII 132 15.0 14.4 14.3 16.7
Porosity (vol.%)
SFI 59 59 59 58 58
SFII 57 57 56 56 58
DKI 49 51 52 51 51
DKII 50 51 54 55 54

Mix SFI and mix DKI show continuous declines in
compressive strength with increased curing time due to
the transformation of the initially formed amorphous, high
surface area C-S-H to C-S-H with a lower surface area [24],
thereby lowering the binding ability. The strengths of mixes
SFII and DKII markedly increase with autoclaving time up
to 12 h, before decreasing.

The results of the free lime determination are given in
Fig. 9. The free lime contents of all mixes decrease sharply
during the first 2 h of autoclaving. Further autoclaving
results in decreases in free lime contents at slow rates.
Combined water contents (Wn) (Table 4) also show large
increases with a curing time of 2 h. Mix SFI reached a
maximum Wn after 6 h autoclaving time, then the Wn
smoothly decreased with further curing. Mix SFII show
higher combined water contents at all curing times but it
also started to decline after 12 h of autoclaving.

XRD analyses were carried out on samples cured for 6
and 24 h. The diffraction patterns are given in Figs. 10 and
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Fig. 10. XRD of SF—lime mixes autoclaved at 180°C for different times.
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Fig. 11. XRD of DK —lime mixes cured at 180°C for different times.

11 for SF and DK mixes, respectively. XRD analyses of
SF mixes indicates the main phase in high-lime mix (SFII)
to be C-S-H. The mix with lower lime content (SFI) shows
the presence of 14 A tobermorite [PDF 29-0331] peaks at
24 h autoclaving. The high-lime mix DKII shows tober-
morite peaks after 6 and 24 h. Low-lime mix DKI shows
no tobermorite peaks, but peaks characteristic of C-S-H are
present. This indicates that a low C/S ratio promotes the
formation of poorly crystalline C-S-H and prevents the
tobermorite formation in spite of the presence of sulfate,
aluminate and quartz. The peaks characteristic of CaSOy4-1/
2H,0 are again present.

6. Conclusions

Although DK has a lower reactive silica content (less
than 75%, due to the presence of quartz) than SF (96%)), its
reactivity is much higher. DK mixes attained higher com-
pressive strengths than those containing SF, especially at
short hydration ages. However, both DK and SF were able
to fix all the CH present. The higher reactivity of DK can be
accounted for by its higher surface area (90.5 m2/g) and the
presence of hydrated silica (silanol groups; Si;s—OH), as
described in a prior study [8].

In spite of its lower surface area (18.8 m?/g), SF mixes
require more mixing water to obtain approximately the
same workability as the DK mixes. This is due to the
presence of a considerable amount of adsorbed water on
the surface of DK. This adsorbed water which is strongly
hydrogen bonded to silanol groups (Si—OH:OH,) [25,26]

prevents further adsorption of mixing water as in the case
of SF.

Increasing the hydration temperature to 100°C increases
the rate of hydration of both SF and DK. The hydration of
the DK mixes indicate that tobermorite can be formed at
100°C in the presence of aluminum and sulfate ions by
using very reactive silica, provided the C/S ratio does not
decrease below certain limits. This is because sulfate ions
substitute the lattice of 11 A tobermorite, and accelerates its
formation from the C-S-H gel while aluminum ions condi-
tion the effect of sulfate [22,23].

Hydration at 180°C increases the compressive strengths
of both pozzolan mixes. Low-lime mixes reach the optimum
strength after 0.5 h, and high-lime mixes reach the optimum
at 12 h. Mix DKII forms tobermorite, but C-S-H gel persists
until 24 h in both SF mixes and low-lime DK mix (DKI).
Because tobermorite is the principal binding phase in
autoclaved building materials, there is great interest in
optimizing its conversion from C-S-H. Replacing quartz,
the usual silica source in autoclaved materials, with a more
reactive silica (amorphous silica) increases the rate of C-S-H
formation, but decreases the rate of conversion of C-S-H to
tobermorite [23,27]. Okada et al. [28] noted that the C/S
ratio of the initially formed C-S-H gel controls the rate of its
transformation to tobermorite. In CaO and quartz mixtures
(Ca/Si=0.8), the initial C-S-H with a Ca/Si of 1.69 trans-
formed to tobermorite having a C/S <0.9. In a comparison
sample made with silicic acid and CaO (C/S=0.8), the
initial C-S-H had a Ca/Si=0.81, and tobermorite crystal-
lization was significantly slower. Okada et al.’s results [28]
were confirmed by Sato and Grutzeck [29] using 2°Si NMR
to study samples prepared from CaO and quartz, silicic acid,
or colloidal SF at 180°C. The C-S-H which formed initially
in the quartz samples was characterized by a low Q2/Q1
ratio (i.e., short chains, dimers), and tobermorite crystallized
by 4 h. In samples made from silicic acid and SF, the initial
C-S-H had a high Q2/Q1 plus Q3 (i.e., long chains, some
cross-linking). Even after 24 h, these samples did not
convert to crystalline tobermorite. Tobermorite formed
easily from the C-S-H with high C/S ratio, but not from
the Si-rich ones, which indicates that the C-S-H gel
structure affects the ease of tobermorite crystallization.
The presence of long, cross-linked chains in the Si-rich
C-S-H retards the rearrangement of silica tetrahedra that
is needed to form tobermorite. On the other hand, the
short chains and dimers in the Ca-rich C-S-H can
rearrange more easily to form crystalline tobermorite.
In the present study, the low C/S ratio promotes the
formation of poorly crystalline C-S-H and prevents the
tobermorite formation in spite of the presence of sulfate
aluminum and quartz, which had been shown to promote
tobermorite formation [21-23].

The present study has shown that DK can be used as a
valuable additive to blended cement or autoclaved building
materials. The addition of DK in autoclaved building
materials is expected to accelerate tobermorite formation
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unlike SF. This may used to reoptimize the production cost
to lower autoclaving time or lower autoclaving temperature.
DK can also be used in the production of low-strength
lightweight building units, such as bricks at room tempera-
ture by blending with CH. The former is an economical
option for developing countries.
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