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Abstract

more effectively.

The influence of silica fume (SF) addition on properties of geopolymer materials produced from alkaline activation
of alumino-silicates metakaolin and waste concrete produced from demolition works has been studied through the
measurement of compressive strength, Fourier transform infrared spectroscopy, X-ray diffraction, and scanning
electron microscopy (SEM) analysis. Alumino-silicate materials are coarse aggregate included waste concrete and
fired kaolin (metakaolin) at 800°C for 3 h, both passing a sieve of 90 um. Mix specimens containing silica fume were
prepared at water/binder ratios in a range of 0.30 under water curing. The used activators are an equal mix of
sodium hydroxide and silicate in the ratio of 3:3 wt.%. The control geopolymer mix is composed of metakaolin and
waste concrete in an equal mix (50:50, wt.%). Waste concrete was partially replaced by silica fume by 1 to 10 wt.%.
The results indicated that compressive strengths of geopolymer mixes incorporating SF increased up to 7%
substitution and then decreased up to 10% but still higher than that of the control mix. Results indicated that
compressive strengths of geopolymer mixes incorporating SF increases up to 7% substitution and then decreases
up to 10% but still higher than the control mix, where 7% SF-digested calcium hydroxide (CH) crystals, decreased
the orientation of CH crystals, reduced the crystal size of CH gathered at the interface, and improved the interface

Keywords: Silica fume, Geopolymer, Waste concrete, Metakaolin

Introduction

Silica fume (SF) known as micro-silica is a by-product of
the reduction of high-purity quartz with coal in electric
furnaces in the production of silicon and ferrosilicon al-
loys. Because of its extreme fineness and high silica con-
tent, silica fume is a highly effective pozzolanic material.
Silica fume is used in concrete to improve its properties
like compressive strength, bond strength, and abrasion
resistance; it reduces permeability and therefore helps in
protecting the reinforcing steel from corrosion.

Silica fume has been used as a high pozzolanic reactive
cementitious material to make high-performance concrete
in the severe conditions (Kohno 1989; Gautefall 1986).
This mineral admixture has highly been used in severe en-
vironmental conditions despite its several mixing and cur-
ing problems because of its acceptable early-age strength
development (Cheng-Yi and Feldman 1985; Grutzeck
et al. 1983). The hydration mechanism and properties of
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secondary C-S-H made by pozzolanic reaction have been
studied by many investigators (Cheng-Yi and Feldman
1985). However, CSH formed by silica fume-calcium hy-
droxide reaction might be different with respectto the
amount of molecular water, C/S ratio, and density (Cohen
and Bentur 1988). Moreover, because of its rather different
characteristics, pozzolanic gel has a high potential to con-
tribute in reactions with other internal or external ions
such as Al, Cl, and alkalies (Maage 1989; Sellevold and
Nilsen 1987).

On the other hand, the search for a new environmen-
tally friendly construction material that will match the
durability of ancient concrete has provoked interest into
the study of alkali-activated cementitious systems over
the past decades. Alkali-activated cements refer to any
system that uses an alkali activator to initiate a reaction
or a series of reactions that will produce a material that
possesses cementitious property (Yip et al. 2005).

Alkali-activated cement, alkali-activated slag and fly
ash, and geopolymers are all considered to be alkali-
activated cementitious systems; however, it is expected
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that the structures of these materials are vastly different
and result from different chemical mechanistic paths. It
is commonly acknowledged that calcium silicate hydrate
(CSH) is the major binding phase in Portland cement
(Taylor 1964) and alkali-activated slags (Richardson and
Cabrera 2000); however, the binding property of geopolymers
is generally assumed to be the result of the formation of a
three-dimensional amorphous aluminosilicate network (van
Jaarsveld and van Deventer 1999a; Davidovits 1991; Phair
and van Deventer 2002; Lee and van Deventer 2002).

The production of geopolymeric precursors is carried
out by calcinations of aluminosilicates, natural clay ma-
terials. Their source can be also some industrial alu-
minosilicate waste materials. The result of the hardening
mechanism is a three-dimensional zeolitic framework,
unlike traditional hydraulic binders in which hardening
is the result of the hydration of calcium aluminates and
silicates (Davidovits 1991; Phair and van Deventer 2002;
Lee and van Deventer 2002; Davidovits 1993); this cir-
cumstance is a cause of significant differences in the
quality and variety of the engineering properties of the
composites based on geopolymer and current cements.
As a means of converting waste materials to useful prod-
ucts, the value of geopolymer technology lies primarily
in its ability to produce a high-performance binder from
materials that are rich in silica and alumina that are the
bases of a geopolymerization process.

Davidovits (1991) proposed that geopolymers are
formed by the polymerization of individual aluminate
and silicate species, which are dissolved from their ori-
ginal sources at high pH in the presence of alkali metals.
The resultant products are reported to have the general
formula M,,-[[-[[-Si-O2],-Al-O],, wH>O, where M is the
alkali element, ‘- indicates the presence of a bond, z is
1, 2, or 3, and # is the degree of polymerization. Theor-
etically, any alkali and alkali-earth cations can be used as
the alkali element (M) in the reaction; however, the ma-
jority of the research has focused on the effect of sodium
(Na*) and potassium (K*) ions (Phair and van Deventer
2002; van Jaarsveld and van Deventer 1999b). It has not
been clearly proven whether other alkali and alkali-earth
cations, including calcium, will participate in the reac-
tions in a similar way.

The target of the present paper is to study the effect of
silica fume addition in the performance of geopolymer
materials and investigate its effect on the mechanical and
microstructural properties of the geopolymer constituents.

Methods
Materials
Aluminosilicate materials used in this investigation are
fired kaolin clay and coarse aggregate included waste con-
crete, both well-grinded and passing a sieve of 90 pm.
An aluminosilicate kaolin material with a high kaolinite
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residue was utilized in the synthesis of geopolymeric
binder, sourced from Al Dehesa, Sinai governorate, Egypt,
and was thermally treated at 800°C for 3 h with a heating
rate of 5°C:min " to produce metakaolin (Mk).

This temperature was chosen on the basis of an earlier
research work (Kakali et al. 2001; Wenying et al. 2008;
Cioffi et al. 2003). The most important characteristics of
this calcined product (Mk) are chemical composition
(SiO, + Al,O5 about 95%), fineness (surface area be-
tween 15 and 20 m*g '), passing a sieve of 90 um, and
its poorly crystalline nature. Raw materials used in this
investigation were characterized by means of a chemical
analysis as represented in Table 1.

Silica fume sourced from the Suez Cement Company
(Helwan plant, Helwan, Cairo, Egypt), also known as
micro-silica, is a by-product of the reduction of high-
purity quartz with coal in electric furnaces in the pro-
duction of silicon and ferrosilicon alloys; it was in pow-
der form with 95% SiO,, an average particle size of 8
pum, as represented from its laser particle size distribu-
tion (Figure 1).

Mineralogical characterization of the raw materials
was done using X-ray diffraction analysis as represented
in Figure 2, where coarse aggregate included waste con-
crete has a major content of quartz and little calcite con-
tent. Kaolin, on the other hand, is composed mainly of
kaolinite and quartz while silica fume is a completely
amorphous silica.

Sodium silicate solution and sodium hydroxide were
used as alkali activators. Sodium hydroxide (NaOH) pro-
duced by SHIDO company (Leningradskaya Oblast,
Russia) with 99% purity and liquid sodium silicate from
Fisher company (Waltham, MA, USA) consists of 32%
SiO, and 17% Na,O with silica modulus SiO5/Na,O of
1.88 and density of 1.46 g»cmf3 (Na,SiO59H,50).

Synthesis and curing

Geopolymers were made by hand-mixing raw materials
of each mixture, passing a sieve of 90 pm as represented
in Table 2, with the alkaline activator solution and the
mixing water for 10 min, followed by a further 5 min
using a rotary mixer, and mixed at a medium speed (80
rpm) for another 30 s; the mixture was allowed to rest
for 90 s and then mixed for 1 min at high speed.

All investigations involved the use of Na,SiO3; and
NaOH in the ratio of 3:3 wt.% of dry mixes, respectively;
this ratio was chosen based on previous investigations
(El-Sayed et al. 2011; Abd El-Aziz 2010). The water/
binder ratio was 0.30 by mass. Paste mixtures were cast
into 25 x 25 x 25 mm cubic-shaped molds and sealed
with a lid to minimize any loss of evaporable water.

All mixes were left to cure undisturbed under ambient
temperature (23°C) for 24 h, demolded, and then some
specimens were left to be water cured under room
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Table 1 Chemical composition of starting materials (Mass, %)
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Sample name Si02 Al203 Fe203 Ca0 MgO Na20 K20 SO3 TiO2 P205 Loss Total
Kaolin 56.38 2761 132 0.18 0.06 0.08 0.04 0.06 3.73 0.13 1017 99.97
Metakaolin 59.03 3533 0.89 043 0.13 0.05 0.05 0.03 246 0.72 0.79 9991
Waste concrete 7763 1.57 1.19 8.61 0.24 0.24 0.12 2.31 0.01 0.03 761 99.56
Silica fume 94.92 0.02 1.28 0.03 0.01 0.28 0.15 0.02 - - 3.28 99.99

temperature. At the end of the curing regime, the speci-
mens were removed from their curing condition, dried
well at 80°C for 24 h then exposed to compressive
strength measurements, and then, the resulted crushed
specimens were subjected to the stopping of the hydra-
tion process using the stopping solution of methanol/
acetone (1:1 by volume) followed by washing with acet-
one as recommended by different investigators (Saikia
et al. 2004; Khater 2010) to prevent further hydration
and for further analysis followed by the drying of
crushed specimens for 24 h at 80°C and then preserved
in a well tight container until the time of testing.

Methods of investigation

Chemical analysis was carried out using the Axios PW4400
WD-XRF sequential spectrometer (Panalytical, Netherland),
CuKa source with a post sample Ka filter. X-ray diffraction
(XRD) patterns were collected from 0° to 50° 26 (step size
0.02° 26 and speed 0.4°min""). Silica quartz was used as an
internal standard. Data were identified according to the
XRD software (pdf-2: database on CD-Release 2005). Par-
ticle size analysis was done using a laser scattering particle
size distribution analyzer (Horiba LA-950, Kyoto, Japan).
Stopping of the hydration was performed on crushed
specimens by subjecting to stopping the solution of alco-
hol/acetone (1:1) followed by washing with acetone as
recommended by different investigators (Saikia et al. 2004;
Khater 2010) to prevent further hydration. The microstruc-
ture of the hardened activated specimens were studied
using the Inspect S scanning electron microscope (SEM)
(FEI Company, Eindhoven, Netherlands) equipped with an
energy dispersive X-ray analyzer. Bonding characteristics of
alkali-activated specimens were analyzed using the Jasco-
6100 Fourier transformed infrared spectrometer (FTIR;
Tokyo, Japan).The wave number was ranging from 400 to
4,000 cm™" (Panias et al. 2007).

Results and discussion

XRD patterns of alkali-activated geopolymer mix that
are made without silica fume and water cured from 1 up
to 180 days is shown in Figure 3. The patterns illustrate
a broad band in the region of 6° to 10° 28 for aluminosili-
cate gel and broad bands in the region of 17° to 35° 26
which characterize the glassy phase of the geopolymer
constituents. These two regions are considered as a vital
role in geopolymer characterization, where any increase in
these regions will be reflected on the performance and ef-
ficiency of the geopolymer composition. An increase in
the CSH content is also noticed with the increase of cur-
ing time as indicated from the increased broadness at
29.4° that results from the interaction of freely dissolved
silica with Ca species in the matrix forming CSH, which
accumulate in the open pores and transformed into crys-
talline form at the later curing ages.

XRD patterns of alkali-activated geopolymer mix
containing various ratios of silica fume from 0% up to
10% as a partial replacement of the used waste concrete
and water cured up to 180 days is shown in Figure 4.

The patterns illustrate the decreased calcite content
up to 7% SF then increased again upon using 10% SF,
which is due to the ability of the silica fume material
with its higher specific surface area in interacting with
dissolved calcium from waste concrete materials and
forming CSH that positively affect the geopolymerization
process by forming nucleation centers for the formation
and accumulation of the geopolymer. Increasing the sil-
ica fume content beyond 7% results in a negative effect
by forming agglomerates which are concentrated in a
small area and so hinder the formation of both CSH and
geopolymer phases. It can also be noticed that an in-
crease of the broad band in the region of 6° to 10° 26 for
aluminosilicate gel and broad bands in the region of 17°
to 35° 260 which characterize the glassy phase of the

o

Figure 1 Laser particle size distribution of silica fume.
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Figure 2 XRD analysis of the used raw materials. Q, quartz; FS, feldspar; C, calcite; CSH, calcium silicate hydrate.

geopolymer constituents by increasing silica fume con-
tent up to 7% while there is a decrease with the addition
of 10% SF.

Morphology and microstructure of 1 and 180 days
water-cured reference geopolymer specimens made with-
out silica fume content are shown in Figure 5. Evidently,
Figure 5a shows the low contribution of geopolymer con-
stituents, where most of the geopolymer are in the oligo-
mer state after the day of hydration; the CSH phases are
also seen in the microstructure and bound most of the
formed oligomer by forming nucleation sites for the accu-
mulation of the geopolymer (Temuujin et al. 2009; Khater
2012). After 180 days of hydration, the oligomer conden-
sation and precipitation of the formed geopolymer are
clearly distinguished in Figure 5b, where a crystalline plate

Table 2 Composition of the geoplymer mixes (Mass, %)

Mix no. Waste concrete Metakolin Silica fume
(WC), % (MK), % (SF), %

SO 50 50 0

S1 49 50 1

S3 47 50 3

S5 45 50 5

S7 43 50 7

S10 40 50 10

of geopolymer constituents fill the pore, forming a well
compact and dense structure.

Figure 6 shows representative SEM micrographs of the
geopolymer binder containing 0, 5, 7, and 10 wt.% of sil-
ica fume after water was cured up to 180 days. The
micrograph of the geopolymer mix made without silica
fume displayed oligomer condensation and precipitation
of the formed geopolymer (Figure 6a), where crystalline
plates of geopolymer constituents fill the pores, forming
a well compact and dense structure. Increasing the silica
fume to 5% results in an increase in the content of the
formed CSH as most of the liberated free lime are con-
sumed by the added silica fume; this will be positively
reflected on the morphology of the formed geopolymer
leading to a well compact structure (Figure 6b).

Further addition of silica fume (7%) leads to a complete
consumption of free hydrated lime and so leads to the co-
existence of CSH (I) that has a CaO/SiO, ratio <1.5 with a
fibrous structure and CSH (III) with almost-denser spheres
form with CaO/SiO, ratio <1.5 (Taylor 1992; Diamond
1986; Malhotra and Mehta 1996; Gleize et al. 2003) as rep-
resented in Figure 6¢; these compact CSH phases result in
an enhancement in the microstructure performance provid-
ing an additional strength to the sample specimens in
addition to its vital role in the formation of additional nu-
cleation or polymerization-condensation centers for the
precipitation of geopolymer as was indicated from the
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Figure 5 SEM micrographs of hydrated geopolymer mix made without silica fume. Water cured at (A) 1 day and (B) 180 days.

specimen morphology where a massive platy geopolymer
layer fill mostly the matrix composition.

It should be noted that using a higher content of silica
fume must be accompanied by an adjustment of the
water and superplasticizer dosage in the mix in order to
ensure that specimens do not suffer excessive self desic-
cation and cracking. However, the addition of 10% silica
fume in this work did not include the addition of
superplasticizer that leads to sample cracking and hin-
ders the propagation of three-dimensional geopolymer
networks as indicated from the morphology of the
formed geopolymer composition (Figure 6d); also, the

increase in silica content leads to the formation of a
two-dimensional cross-linked poly-sialate with rode-like
structure that is produced as a result of the increase in
Si/Al ratio of more than three times and known by lower
mechanical and hardening properties as compared with
a three-dimensional network that formed at Si/Al =1.5:2
(Davidovits 1999). It can also be noticed that the pres-
ence of small geopolymeric contents which fill the pores
with low conjunction with each other leading to low
compaction of the formed geopolymer composite.

After 180 days of hydration, the FTIR spectra of
geopolymer mix specimens containing various silica

5% SF, (C) 7% SF, and (D) 10% SF.

Figure 6 SEM mirographs of hydrated geopolymer mixes containing different silica fume ratios. Water cured at 180 days: (A) 0% SF, (B)
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fume contents are shown in Figure 7. Band descriptions
are as follows: stretching vibration of O-H bond in the
region 3,429 to 2,300 cm™', bending vibration of HOH
in the region of 1,595 to 1,628 cm ™, stretching vibration
of CO, located at about 1,430 cm™', asymmetric stretching
vibration of T-O-Si at about 980 to 1,100 cm™, where
T=Si or Al, Si-O stretching in the region of 880 cm™,
symmetric stretching vibration of Si-O-Si between 770 to
780 cm', symmetric stretching vibration of Si-O-Si
and Al-O-Si in the region 675 to 685cm ™", and bending
vibration of Si-O-Si and O-Si-O in the region 450 to
460 cm™ ",

The most characteristic difference observed between
the FTIR specta of geopolymer specimens made with
various silica fume concerning bands attributed to the
asymmetric stretching vibrations (T-O-Si) that increase
in its intensity and broadness with a silica fume addition
up to 7% while the pattern of 10% is subjected to the de-
crease in this band broadness. The bending vibration of
Si-O-Si appeared to increase in sharpness with increas-
ing silica fume up to 7% then slightly decreased with
10% silica fume content. The bending vibration band of
HOH increases in broadness with silica fume addition
up to 7% and decreases sharply with further increase of
SF. The broadness of HOH band implies the overlap of
more bands with higher intensity which is mainly related
to the combined water in CSH, and so, the increase of this
peak reflects the increase of binding materials of this
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specimen. This band decreases sharply with an addition of
10% silica fume as a result of inclusion of added SF in the
formation of two-dimensional polysialatedisiloxo cross-
link (which has a two-dimensional structure with low
hardness than three-dimensional one) than forming CSH
which in turn acts as a seeding agent for geopolymer accu-
mulation. The symmetric band of CO, located in the FTIR
spectra looks nearly similar for all specimens.

Compressive strength values of hydrated geopolymer
mixes containing different SF contents from 0 up to 10 wt.
% as partial replacement of waste concrete at different cur-
ing times of 1, 7, 28, and 90 days at room temperature
are shown in Figure 8. Evidently, the compressive strength
of mixes increases with the increase of curing time as a re-
sult of progressive hydration, forming CSH as well as
geopolymer formation leading to a fine and homogeneous
structure. The results also indicated the increase of
strength with increasing SF content up to 7%, then a de-
crease up to 10%. The strength increase with silica fume
up to 7% is due to the highly effective pozzolanic activity
of silica fume which improves its properties like compres-
sive strength, bond strength, and abrasion resistance. Also,
silica fume is assumed to be the reactant to produce sec-
ondary C-S-H by consuming calcium hydroxide. The de-
creased calcium hydroxide content of the cement matrix
and increased amount of C-S-H gel together with filler ef-
fect of SF contribute to the safeguarding of the matrix
against external ingressive ions.
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Figure 7 FTIR spectra of 180 days of water-cured geopolymer specimens having various ratios of silica fume. 1,2, stretching vibration of
O-H bond; 34, bending vibrations of HOH; 5, stetching vibration of CO2; 6,7, asymmetric stretching vibration (T-O-Si); 8, symmetric stretching
vibration of Si-O; 9, symmetric stretching vibration (Si-O-Si and Al-O-Si); 10,

bending vibrations (Si-O-and O-Si-O).
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Figure 8 Compressive strength of geopolymer mixes having various ratios of silica fume.

It is known that SF has many saturated bonds, =Si—
O-Si=, and little unsaturated bonds at the surface, so
the reaction mechanism of silica fume with hydrated
lime is as follows:

= Si—-O-Si = +H-OH— = Si-OHreactly slowly

= Si—OH + Ca(OH)2—C-S-H

However, it should be noted that using a higher content
of silica fume of more than 7% must be accompanied by

an adjustment of the mixing water and superplasticizer
dosage of the mix in order to ensure that specimens do
not suffer excessive self-desiccation and cracking. How-
ever, in this work, there is no superplasticizer used, and
the mixing water is in a constant ratio of 0.3% for better
comparison of the reaction products. Otherwise, using this
much quantities of silica fume could actually lower the
strength of composites instead of improving it as indicated
from the strength results.

On the other hand, there is a huge gap between the
strength of mix that was made without silica fume and
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Figure 9 Water absorption of geopolymer mixes having various ratios of silica fume.
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that which contains 7% SF, where silica fume represents
an enrichment source of amorphous silica and enhancing
geopolymerization. It is known that mechanical properties
and microstructure of the geopolymer strongly depends
on the initial Si/Al ratio. Better strength properties have
been reported for mixtures with SiO,/Al,O3 ratios in the
range of 3.0 to 3.8. Changes in the SiO,/Al,O; ratio be-
yond this range usually result in low strength systems (De
Silva et al. 2007). In spite of that, the geopolymer may be
formed in the absence of alumina, forming a homoge-
neous polysiloxy structure.

The trend of variation of compressive strength coincides
with the XRD data, FTIR spectrum, and SEM observations,
where the amorphous content of geopolymer materials in-
crease with increasing SF content as it forms precipitation
sites for geopolymer accumulation and precipitation when
it interacts with free lime in the medium, forming CSH.
Further increase in silica fume leads to insufficient wetting
of the medium that hinder the propagation of geopolymer
chains and so weaken its mechanical properties; still, it ex-
ceeds that which has no silica fume content as its higher
pozzolanic activity leads to the increase of the formed CSH
and hence possess higher mechanical and microstructural
characteristics.

Water absorption of geopolymer mixes containing SF in
the ratios from 0 up to 10 wt.% at different curing ages are
shown in Figure 9. Obviously, the results in Figure 9 indi-
cate the decrease of water absorption with the increase of
curing time as a result of progressive hydration with the
formation of CSH and geopolymer, leading to a denser
structure. Evidently, it decreases with increasing SF con-
tent up to 7% and then increases slightly up to 10%. The
decease of water absorption with increasing SF is due to
the fact that when a material with high specific surface
area is added to a mix specimen, it acts as a micro-filler of
the matrix particles, which can reduce the amount of
water that filled in the voids of the blending materials.
However, replacing cement with a high specific surface
material would increase the wettable surface area and the
amount of water adsorbed. Thus, the final water require-
ment will depend on which of the two above-mentioned
factors will be superior. With replacement of less than 7%
in this paper, the former factor may be superior for SF
content (Gleize et al. 2003).

Conclusion

Alkaline activation of aluminosilicate wastes in the presence
of silica fume and metakaolin using sodium hydroxide and
sodium silicate in the ratio of 3:3 wt.% of the dry weight
leads to the formation of an aluminosilicate geopolymer
that possess an enhancement in both mechanical and
microstructural properties. Silica fume addition is likely to
result in the formation of nucleation CSH sites for the pre-
cipitation of the geopolymer product. Metakaolin inclusion
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greatly improves the geopolymeric structure. Silica fume
addition up to 7% greatly enhances the geopolymerization
process with the formation of a well-refined and com-
pact matrix, while further increase of SF content leads
to the decrease in the mechanical characteristics of the
reaction product. Alkaline activation of these alumino-
silicate wastes can help in an ideal utilization of demoli-
tion wastes in disposal landfills all over the world and
producing valuable sustainable materials that can be
better applied in building industry.
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