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Abstract: Recycling of red mud (RM) has attracted more at-
tention in recent years due to severe environmental prob-
lems caused by landfilling. The effect of composition op-
timization and Nano-strengthening on the properties of
a binder based on RM was studied in this paper. Re-
sults showed that modifying ratios of main oxides and
adding Nano-SiO; could obviously affect the mechanical
properties and microstructure of the binder. Specimens
with high SiO,/Al, 03 molar ratio (S/A) displayed consid-
erable increase in compressive strength, while decreasing
Na,0/Al, 03 molar ratio (N/A) improved the workability of
the fresh mix. The compressive strength was developed sig-
nificantly to be 45 MPa at 28 days by adding Nano-SiO,
with 0.4 wt.% of RM. Phase transformation and microstruc-
ture change at different stages of RM decomposition and
binder geopolyerization were investigated by X-ray diffrac-
tion (XRD), Fourier transformation infrared (FTIR) and
Scanning electron microscopy (SEM). The results of this
study may provide a prospective method to use RM more
widely in construction applications.
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1 Introduction

RM is the main by-product for extracting alumina from
bauxite ore using Bayer process. Producing one ton of alu-
minium may cause ejection of 2 to 4 tons of RM [1]. The
growing need for aluminium led to an annual global pro-
duction of RM between 70-120 million tons. As a result,
large quantities of RM accumulated to reach 2.7 billion
tons worldwide [2].

The chemical composition of RM depends mainly on
the type of bauxite ore [3, 4] and the different processes of
alumina production [5, 6], therefore, RM consists of many
oxides such as SiO;, Al,03, Fe,03 and CaO [7]. The RM
acquires its high alkalinity as a result of using sodium hy-
droxide during the alumina extraction process [1] and the
pH value ranges from 10.3 to 12.3 [8]. Plus, RM may contain
some toxic metals such as lead, nickel and zinc depending
on the source of bauxite ore [9].

In the past years, the aluminium producing compa-
nies adopted landfilling (Lagoons and dry stacks) and ma-
rine discharge to dispose RM [10]. Mentioned methods are
adversely affecting the environment because of RM harm-
ful properties such as toxicity and alkalinity [2, 11]. By con-
tinue discharging RM into lagoons, disasters such as that
happened in Ajka, Hungary 2010 (Kolontar disaster) and
Henan, China 2016 may recur [12]. Leaching of toxic heavy
metals and high alkaline slurry of RM into the ground
causes groundwater contamination [13] and affects plants.
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Besides, inhalation of RM dust is considered as a severe
environmental problem [14].

Recently, several studies have been conducted to ob-
tain effective and safe methods for utilization and reuse of
RM to avoid annual accumulation [15]. There are some im-
portant uses like wastewater treatment [1, 16], toxic metal
removal [7, 17], and recovery of metals [18]. Regardless the
mentioned uses, the Aluminium association adduced that
RM use rate is meager compared to the annual production
rate [1]. Klauber et al. mentioned that despite studies and
researches have been done through the last years, there is
insufficient evidence for using RM effectively [19]. For ex-
ample, in China the annual production is 30 Mt which is
approximately 30% of the total world production, but only
4% of this quantity is actually be reused [20]. Utilization
of RM in a practical way is facing several challenges [7],
such as its ability to compete against alternative materials
regarding quality, cost and safety. Add to that the variation
in chemical composition of RM is considered as an obsta-
cle for obtaining an optimal mixing structure, such as low
Si/Al ratio which may result in weak characteristics of the
product [21, 22]. Moreover, the non-standard RM properties
obstruct the necessary transaction costs such as disposal
management cost or pretreatment cost [19]. As well, the
risk of alkalinity and toxicity limits the possibility of using
RM effectively [8].

However, uses in construction field pull considerable
attention [14, 23, 24]. RM has been used in building ma-
terials such as Glass-ceramic, ceramic pigments, ceramic
foam [25-29], fire resistant building materials [10], cement
and block production [24, 30-33]. RM also has been mixed
with other materials like fly ash, metakaolin and blast fur-
nace slag to produce geopolymer, a term coined by Davi-
dovits [34] to describe the output of inorganic materials
rich with SiO, and AlO, and activated by alkaline so-
lutions [35]. Geopolymer is considered as a prospective
method to utilize RM and other industrial by-products to
replace cement for its good performance and low CO,
emissions during its manufacture [36, 37]. The character-
istics of geopolymer depend on several factors including
chemical compositions of source materials, curing condi-
tions and alkali activator type and concentration [38, 39].
Choo et al. noticed an increase of unconfined compressive
strength (UCS) of fly ash when RM used as an alkali sup-
plier [40]. Chen et al. observed the ability of RM to adsorb
heavy metal ions for granulated blast furnace slag geopoly-
mer [41]. Zhang et al. stated a satisfying result of RM-FFA
geopolymer compared to ordinary Portland cement regard-
ing resistance of sulfuric acid [9]. Ye et al. used consider-
able quantities of RM after been treated by Alkali Thermal
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Activation (ATA) and mixed with silica fume to produce
one-part geopolymer [42, 43].

On the other hand, the effect of RM characteristics on
geopolymer is not satisfactory, as the mechanical proper-
ties of the binder deteriorated when the ratio between RM
and other materials increased [44]. He et al. mentioned
that lower RM/FA ratio generated a positive effect of me-
chanical properties of geopolymer, while higher RHA/RM
ratio led to higher ductility, stiffness and strength [45, 46].
Hajjaji et al. reported that the samples with a low amount
of RM recorded high compressive strength [21]. Hairi et al.
produced geopolymer with significantly low strength by
using red mud [47]. In a comparative study, He et al. stated
that the strength of MK is higher than RM-FA mixture [48].

Weak points of RM emerged by previous researches are
considered as a strong motivation for further studies about
RM and its utilization as a construction material. In this re-
search one of the main objectives is to use RM as much as
possible, and try to use RM to produce a binder with accept-
able strength. So, the RM was used as the main solid ma-
terial. Alkali Thermal Activation process was applied on
raw RM to help improve its properties [42, 43, 49], and the
chemical compositions of the mix were modified to get the
optimum ratios for producing the binder.

The Nano SiO, was used in different fields [50-52]. In
this research the Nano-SiO, was added to suitable compo-
sition mix to augment the compressive strength. The Nano-
Si0, stimulates forming of the pozzolanic gel, therefore
enhances the strength [53, 54]. Some researchers have dis-
cussed the effect of adding Nano-SiO, on fresh and hard-
ened properties of materials. The characteristic of fresh
Portland cement paste and mortar was modified by adding
Nano-SiO, [55] as well as for concrete [56]. The strength
improved by reducing the porosity when Nano-SiO, was
added up to a certain percentage [57]. The early compres-
sive strength of concrete made by a high volume of fly
ash-cement mix has been influenced positively by adding
Nano-SiO, [58, 59].

Compressive strength test, XRD, FTIR and SEM were
conducted to study the transformation in the structure of
geopolymeric binder.

2 Materials and experiments

2.1 Materials

RM, the primary solid material used in this study, was
kindly supplied by Chalco Co. alumina plant in Zibo, Shan-
dong province, China. The DHF86 was used to determine
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Table 1: Chemical composition of RM (wt%)
Sample SiOZ Al203 Na20 Fe203 Ca0 Kzo MgO TiOZ LOI
RM 19.41 20.77 3.78 18.15 12.11 0.14 0.62 4.29 17.00
Table 2: Samples terminology
Sample name Si0,/ Al,03 (S/A) Na,O/ Al,03 (N/A) Water/Solid (W/S)
(Molar ratio) (Molar ratio) (Wt. ratio)
S3.6 3.6 1.5 0.60
S4.0 4.0 1.5 0.60
S4.4 4.4 1.5 0.60
Al1.7 4.4 1.7 0.60
Al1.5 4.4 1.5 0.60
W0.60 4.4 1.5 0.60
WO0.55 4.4 1.5 0.55
Wo0.50 4.4 1.5 0.50

the chemical compositions of RM as shown in Table 1. It
is a high-precision silicate multi-elements analyzer using
element multi-channel color detection technology to de-
tect the different levels of sensitivity and reduce errors.
The Sodium hydroxide pellets (NaOH) with purity of 96%
which were added to interact with RM in the ATA process
were provided by Sinopharm Chemical Reagent Co., Ltd.
Sodium silicate solution (Water Glass - WG) was used as
an activator to the solid materials has the following chem-
ical compositions 27.35% SiO,, 8.42% Na,0, and 64.23%
H,0. Nano-SiO, (non-crystal white powder, 99.8% SiO,,
average particles 30nm and pH 5-7). The WG was added in
different content to improve the geopolymer binder com-
pressive strength.

2.2 Samples preparation

The raw RM soil was dried to constant weight at 105°C then
was grinded and sieved to pass 0.3 mm mesh sieve. The dry
soil was kept in a glass vacuum desiccator with silica gel
to avoid humidity absorption. By using laser granulometer
the particle size of RM is range from 1.258 um to 1465 pm
with a median diameter (d50) of 213.6 pm.

2.2.1 Thermal treatment

Samples were subjected to different temperature, range
from 200 to 1000 for 1 hour before adding NaOH. Based

on thermal analysis results a specific temperature (800°C)
was chosen to apply the ATA process for making binder
samples. Raw RM was mixed with 5% and 10% of NaOH by
weight then was calcined at 800°C for 1 hour in muffle fur-
nace. These mixes were called RM5 and RM10, respectively.
The samples were left inside the furnace to cool down to
room temperature.

2.2.2 Binder mix proportions and samples terminology

The mix of RM and NaOH after thermal activation (ATA RM)
was grinded and sieved again to pass 0.3 mm mesh sieve.
After thermal activation the particle size is range from 2.04
pm to 198.7 pm with a median diameter 42.69 pm. The mo-
lar ratio (S/A) for raw RMis low, only 0.93, which is not suit-
able to prepare a good performance binder. The S/A ratios
were controlled by adding different amounts of WG to the
mix. The WG was mixed with additional water to keep the
consistency of samples close as much as possible. The lig-
uid and dry materials were mixed using concrete mixer to
synthesize the binder with specific water/solid (W/S) ratio.
Three groups of samples were prepared to evaluate the ef-
fect of different molar ratios of S/A, N/A and W/S on setting
time and compressive strength of the binder. By adding dif-
ferent quantity of WG to RM5 we got three S/A ratios 3.6,
4.0 and 4.4. For RM5 and RM10 the N/A was 1.5 and 1.7. The
binder samples were labeled based on the change factor as
shown in Table 2.
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Different content of Nano-SiO, were added to the mix
S4.4 and the samples were expressed by symbols NO.1,
NO.2, N0.3, NO.4 and N1.0 for 0.1, 0.2, 0.3, 0.4 and 1.0 wt%
of RM, respectively.

The control sample without ATA was prepared by cal-
cined RM at 800°C without NaOH (RMC). The same quan-
tity of NaOH was dissolved in water, mixed with WG, and
then was added to the dry RMC to form a binder with tar-
geted W/S ratio. The samples without ATA were not hard
enough to be subjected to strength test.

Figure 1: Binder specimens without ATA process

2.3 Experimental method
2.3.1 Thermal analysis

The as received RM sample was subjected to thermal anal-
ysis by thermo gravimetric test using METTLER TOLEDO.
The temperature was gradually increased by 10°C/min up
to 1000°C in air atmosphere.

2.3.2 Initial and final setting time test

Initial and final setting time test for samples was con-
ducted using Vicat Apparatus according to ASTM C 191
[60]. The samples mixed with different ratios of S/A, N/A
and W/S were filled in the cone of the Vicat apparatus and
tested to record the initial and final setting time for each
sample. The initial time was calculated starting from the
moment of adding the liquid activator to dry mix until the
needle penetrates down to 5mm from the bottom of the
mold, while the final time was recorded when the annu-
lar attachment failed to make an impression in the sample
surface.
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2.3.3 Compressive strength

To prepare samples for compressive strength test the dry
materials and alkali activator were mixed using the elec-
tronic mixer for about 3-5 minutes. The mix was poured in
copper molds 20*20*20 mm? then covered by plastic wrap
and left in room temperature 20 + 1°C for 24 hours. The
specimens were cured under 60% humidity conditions un-
til the test was occurred at 3, 7 and 28 days. The compres-
sive strength test was carried out by 50 Ton compression
machine with a loading rate of 0.50 mm/min according to
ASTM C 109 [61]. All values presented in the current work
are an average of six samples.

2.3.4 Morphology and microstructure tests (XRD, FTIR
and SEM)

The crushed samples of the compressive strength test at 3,
7 and 28 days were grinded and sieved to pass sieve No.
0.3mm. The XRD patterns were investigated using Bruker
D8 diffractometer, the scan was applied between 5° and
70° with 0.02° as a step size and 0.4 s/step as a counting
time. The machine uses Cu Ka radiation with wavelength
of A = 1.5418 A at 40mA and 40 kV.

The FTIR test was performed using AVATAR370 and
the samples were prepared as mentioned in XRD test. The
resolving power was 4cm ™!, and the scanning frequency
was 32 times with a wavelength of 450-4000 cm™. Sam-
ples were tested using attenuated total reflectance.

Small pieces of samples that tested for compressive
strength were used for SEM test at 3, 7 and 28 days. Sam-
ples were coated with golden conductive coating to pre-
vent charging balance. The test was performed using FEI
XL-30 FEG-SEM and a Phillips CM200 (FEI Company, Hills-
boro, OR, USA) to study changes in morphology for differ-
ent samples during the geopolymerization process.

3 Results and discussion

3.1 Thermal analysis and phase
transformation

Figure 2 shows the result of thermal analysis TG and DTG
curves for raw RM sample. The constant regression in the
TG curve during temperature rising from 20 to 1000 indi-
cates the continuous loss of sample weight as a result of
minerals transformation. The four peaks shown in the DTG
curve, 283.5, 332, 673 and 897 are considered as an articu-
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Figure 2: TG and DTG curves of the raw RM sample

lated points in different stages of transformation by dehy-
dration, carbonation and dehydroxylation processes.

As shown in Figure 3 crystalline phases rich in Al,
Ca and Fe were identified from XRD spectra for raw RM
such as doyleite, muscovite and calcite. These phases de-
composed after calcination in different temperature for 1
hour. At early stage of heating, around 283.5°C, doyleite
decomposed to give a solid Al,03. The kaolinite started
to increase gradually after 300°C. Muscovite faded after
500°C and by raising temperature together with the kaoli-
nite they transferred to sodium aluminium silicate phase
(Nag(AlgSig0,4)). Hematite continued to emerge through-
out the calcination process and increased in the advanced
stages. The calcite characteristic peak decreased signifi-
cantly at 700°C and disappeared at 800°C and the decom-
position of calcite contributed to the formation of gehlen-
ite crystalline phase. Nephaline an alkali-rich crystalline
phase formed at 800°C at 26 equals 21 and 23 plus the ap-
pearance of some amorphous solids at 20 in the range of
28° to 38°.

3.2 Effect of alkali thermal activation (ATA)
on phase transformation

The properties of red mud improved significantly with
the addition of alkali and calcination at 800°C where the
crystalline phases decarbonated and dehydroxylated at
this temperature. Figure 4 represents the mineralogical
analysis for RM before adding NaOH (RMC) and RM af-
ter adding NaOH (RM5 and RM10) samples at 800°C con-
ducted by XRD diffractometer. The result of alkali ther-
mal activation in this study is consistent with previous re-
serches [49, 62]. More amorphous and glassy phases were
emerged as a result of incorporation of alkali and raw
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Figure 3: XRD spectra for raw RM and RM samples calcined at differ-
ent temperatures from 200°C to 1000°C

RM during the ATA process as shown in Figure 4A. The
magnified XRD spectra in Figure 4B illustrates the slight
hump at 26 between 28° and 38°, which clearly appeared
in ATA samples compared to samples calcined without
alkali. In addition, when alkali was completely merged
with raw RM during the ATA process instead of nepheline
new pseudo-crystalline phases with cementitious proper-
ties were identified such as hatrurite (Ca3SiO5) and larnite
(Ca2Si04). These phases result in a sclerotic material when
mixed with water [49]. It is possible to identify a quater-
nary phase named sodium magnesium aluminium silicate
(N31,74Mg0.79A10.155i1.0604 - PDF 00'047‘1498) that may
has similar specs with what known in cement chemistry as
Q compound which has good hydration activity and high
compressive strength. All the phases recognized after ATA
process were appeared more clearly and in larger quanti-
ties in RM5 compared to RM10.

3.3 Effect of S/A molar ratio on setting time
and compressive strength

The result shown in Figures 5 and 6 presented the set-
ting time and compressive strength for samples made by
RM5 and different quantity of WG to study the effect of
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Figure 4: (A) XRD spectra for RMC, RM5 and RM10 samples calcined at 800°C; (B) Magnified XRD spectra for RMC, RM5 and RM10 sam-
ples calcined at 800°C. (N:Nephline, G:Gehlinite, H:Hematite, T: Anatase, C*:Larnite, C**:Hatrurite, S: Sodium Magnesium Aluminum,
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Figure 5: Effect of S/A molar ratio on setting time

S/A molar ratio. By keeping the consistency of samples al-
most the same, the increase in S/A molar ratio resulted in
an increase of the initial and final setting time. However,
more increase up to 4.4 caused a relative decrease. The
high value of S/A molar ratio in the mixture led to silica-
silica reaction, which is relatively slow compared to silica-
aluminium reaction, this extended the time of hardening.
Regardless the effect of S/A molar ratio in increasing the
setting time, the initial time is still considered not long
enough for practical applications.
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Figure 6: Effect of S/A molar ratio on compressive strength

In Figure 6 samples with lower S/A molar ratio S3.6
recorded a compressive strength up to 20 MPa in 3 days
of curing, while the strength in 7 and 28 days remained
fairly static. Stability of strength for S3.6 precursors at late
ages could be because most of the aluminosilicate gel was
formed at an early stage due to the low amount of silica.
Other samples with higher S/A molar ratio (54.0 and S4.4)
showed relatively low strength for 3 days, only 10 MPa
and 15 MPa respectively. However, for 7 and 28 days the
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Figure 7: (A) Effect of N/A molar ratio on setting time; (B) Effect of N/A molar ratio on sample consistency (A: A1.5 and B: A1.7)

strength rose significantly with increasing of S/A, where
S4.4 reached 37 MPa in 28 days. As per literature, increas-
ing of S/A molar ratio is responsible of the improvement in
compressive strength, where the silicates tend to conden-
sate with each other or with aluminate to form a stiff and
stable three dimensional structures, poly (sialate-siloxo)
and poly (sialate—disiloxo) comparison to low S/A molar
ratio which will form poly (sialate). Since the WG is used
to increase the S/A molar ratio, it seems that the silica pro-
vided by WG has a strong effect in increasing the compres-
sive strength by increasing the formation of aluminosili-
cate gel. Results showed that the strength is directly pro-
portional to curing age in samples containing high S/A mo-
lar ratio.

3.4 Effect of N/A molar ratio on setting time
and compressive strength

The samples with different N/A molar ratios 1.7 and 1.5
were prepared by RM10 and RM5 respectively and the re-
sult of setting time is given in Figure 7A. The reduction of
N/A molar ratio from 1.7 to 1.5 by decreasing the dose of
NaOH from RM10 to RM5 resulted in an increase in the ini-
tial and final setting time by 60% and 30% respectively. It
noticed that increasing the N/A molar ratio caused a quick
stiffening and decreased the setting time of the samples.
Figure 7B expresses the difference in consistency of sam-
ples made by different N/A molar ratios. What mentioned
above is supported by the previous studies where the in-
crease of alkalinity adversely affect the physical proper-
ties [63].

Figure 8 illustrates the compressive strength of the
binder designed using RM10 and RM5 to maintain dif-
ferent N/A molar ratios. Change in N/A molar ratio has
considerably affected the long term strength of binders
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Figure 8: Effect of N/A molar ratio on compressive strength

rather than early strength. The 3 days strength for Al.7
and Al.5 showed the same value, while Al.5 obtained a
higher strength than Al.7 at 7 and 28 days. In addition,
the high alkalinity led to fast setting where some particles
did not completely interact, and this affected the compres-
sive strength. Decreasing the alkaline dose improved the
workability of the mix, provided more time for the samples
to set and to form more aluminosilicate gel, therefore, in-
creased the strength.

3.5 Effect of W/S ratio on setting time and
compressive strength

Figure 9 shows the effect of mixing the binder with differ-
ent W/S ratio on setting time. The water quantity in this
study was calculated from the sodium silicate, the sodium
hydroxide and the additional water. The W0.60 samples
showed more workability and longer setting time reached
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Figure 10: Effect of W/S ratio on compressive strength

to 40 min and 120 min for initial and final setting time
respectively comparison to other samples. However, S4.4
recorded decrease in compressive strength as shown in Fig-
ure 10.

Figure 10 presents the effect of different W/S ratios
(0.5, 0.55 and 0.6) on compressive strength. It seems clear
that the strength increased slightly when the W/S ratio
increased, however adding more water has negatively af-
fected the strength. The reason may will be that the ex-
cess water has increased the porosity which caused drop
in compressive strength value.

3.6 Effect of Nano-SiO, on compressive
strength

Different content of Nano-SiO, were added to sample S4.4
and the compressive strength result for 3, 7 and 28 days is
shown in Figure 11. The compressive strength of 3, 7 and 28
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Figure 11: Effect of different Nano-SiO, content on compressive
strength

days improved by adding Nano-SiO, with different content
compared to the control sample except for 0.1 and 1.0%.
The strength of control sample at 28 days 20.61 MPa in-
creased to 45.43 MPa after adding 0.4% of Nano-SiO,. It
seems that Nano-SiO, reacted with the compounds rich
with calcium therefore, it fills the pores and stimulated
the formation of aluminosilicate gel beside CSH, leading
to higher strength of binder. A significant declination oc-
curred for specimens mixed with 1.0% Nano-SiO,, N1.0.
Increasing the dose of Nano-SiO, created more positive
ions that weren’t neutralized by negative ions from alka-
line, thus it remains unreacted. It deserves to mention that,
most samples were suffered from efflorescence due to re-
lease of an estimated amount of alkalis, confirming the
reason for non-reacted silicate ions especially for samples
with 1.0% of Nano-SiO,.

3.7 Microstructure analysis
3.7.1 XRD spectra analysis

Figure 12 presents XRD patterns for RM5 and the three
binders made with different S/A molar ratio S3.6, S4.0 and
S4.4. The new phase, sodium aluminium silicate created
an alkaline environment, these negative charges were bal-
anced by the dissolve Al and Si that contribute in geopoly-
merization [49]. From Figure 12 it is clear that the intensity
of the phases decreased with increasing Si species which
have high solubility in low alkaline concentration [64].
Figure 13 shows XRD spectra for the crystalline phases
in binder with different Nano-SiO, content at 28 days. The
phases rich with Al and Ca that formed after ATA process



404 —— SaraAhmedetal.

Intensity (A.U)

Figure 12: XRD spectra of RM5 and S3.6, S4.0 and S4.4 at 28 days

Intensity (A.U)

H:Hematite C**:Hatrurite  C*:Larnite
S:Sodium Aluminum Silicate

S*:Sodium Magnesium Aluminun Calcium

H
H . H
2.7 H

S S* c* S*

S4.0 S* C* S*
H

S*
S3.6 H H Cc* H

20 degree

H:Hematite C*:Larnite
S*:Sodium C**:Hatrurite
H
N1.0 oA " H
S*
N04| s* | C* S
1 1 1 " 1 1 1

10 20 30 40 50 60 70
20 degree

Figure 13: XRD spectra of S4.4, NO.4 and N1.0 at 28 days
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Figure 14: FTIR spectra of RM, RM5, S4.4, NO.4 and N1.0 at 28 days

decreased or disappeared during formation of binder and
after adding Nano-SiO,. The content of the chemical min-
erals such as hattrurite, larnite and sodium aluminium sil-
icate diminished when Nano SiO, was added to the mix.
This indicates that Nano-SiO, was helpful to stimulate the
geopolymerization process. It is anticipated that most of
the calcium dissolved and reacted with aluminosilicate in
the high alkaline environment and resulted in high com-
pressive strength. From XRD spectra we observe a plen-
tiful quantity of Hematite. Since the iron in the form of
Hematite remained without change after ATA and geopoly-
merization, this alludes that it has very simple influence in
geopolymerization process [65].

3.7.2 FTIR spectra analysis

FTIR test was conducted in order to study the phase trans-
formation during the decomposition and geopolymeriza-
tion processes. Figure 14 shows the FTIR curves. The
wavenumbers 1640 — 1660 cm ™! assigned a bending vibra-
tion (H-O-H) of bound water molecules [66]. The large de-
crease in RM samples treated by ATA indicated the dissoci-
ation of the bond due to high heating, it showed up again
after geopolymerization inferring hydration and carbona-
tion actions. The same act has been applied to the band
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Figure 15: SEM images of S4.4, NO.4 and N1.0 at 3 and 28 days

attributed to stretching vibrations of 0-C-O at 1447 cm™!
which decreased to 1432 cm™! after ATA due to decompo-
sition of RM minerals but increased again for geopolymer
precursors. The band formed as a resulting of asymmetri-
cal stretching vibration T-O-Si (T = Al or Si) between 1000
-990 cm™! wavenumbers increased after ATA and geopoly-
merization. As known that the increasing of aluminosili-
cate gel leads to increase the intensity and thus increases
chain length. The band attributed to symmetric stretch-

ing vibrations of Si-0-Si and Al-O-Si (670 — 550 cm™) in-
creased gradually after ATA and geopolymerization but de-

creased when the Nano-SiO; is 1.0%. The disappearance of

the band at 875 cm™! caused by bending vibrations of Si-
OH indicated that some crystalline phases dissolved too.

3.7.3 SEM morphology analysis

Figure 15 shows images of SEM test which implemented to
study the morphological transformation of S4.4, N0.4 and
N1.0 at 3 and 28 days. Three different textures appeared in
the SEM images of S4.4 samples for 3 days. The bristles in-
dicated that some granules did not interact in the geopoly-
merization process or the interaction was not complete.
The bristles were disappeared in NO.4 and N1.0 at 3 days
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Figure 16: SEM-EDX images of S4.4, NO.4 and N1.0 at 28 days

and replaced by particulates of different intensity and size.
For NO.4 samples at 28 days, the particulates have trans-
formed into polished fabric which may indicate the pres-

ence of geopolymeric gel plus calcium silicate hydrate. It
seemed clear that, for both 3 and 28 days, NO.4 has denser
appearance comparison to N1.0, this might be because of
the excess amount of Nano-SiO, particles which did not
participate in the geopolymerization process.

3.7.4 SEM-EDX analysis

The SEM.EDX result for S4.4, N0O.4 and N1.0 is shown in Fig-
ure 16. As seen in Figure 16 the appearance of Ca in sam-
ples reflects the probability of forming CSH beside the alu-
minosilicate gel. It is also noticed that the ratio of Ca in
NO.4 is higher than other two samples, this may consider
as a reasonable justification of high strength for this sam-
ple.
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4 Conclusions

This experimental study intended to synthesize a kind
of geopolymer binder using RM as primary solid source
which was thermally activated by NaOH and mixed with
sodium silicate. In addition, composition optimization
and Nano-SiO, were used to improve the binder properties.
The results are summarized below:

1. Modifying the chemical compositions of RM has a
close relationship with the geopolymer binder spec-
ifications. Increasing SiO,/Al,03; was found to in-
crease the compressive strength while decreasing
Na,0/Al,03 could improve the workability. The W/S
ratio has a significant effect on compressive strength
and setting time.

2. The ATA process improved the RM properties and
created an alkaline environment that helped decom-
posing of aluminosilicate and stimulated the emerg-
ing of some mineral phases such as Larnite, Ha-
trurite and Sodium Magnesium Aluminium Silicate
which could be key phases in forming the binder.
The samples with high strength showed a greater de-
cline in the intensity of these minerals, indicating
formation of more binder gel.

3. Adding Nano-SiO, with a suitable content could re-
sult in a high compressive strength. The Nano-SiO,
interacted with the minerals in the alkaline atmo-
sphere and contributed to the formation of geopoly-
mer gel and CSH. The compressive strength has in-
creased to be 45 MPa at 28 days by adding Nano-SiO,
with 0.4 wt% of RM content.

4, However, in this experiment, the addition of 1.0%
of Nano-SiO, adversely affected the strength of the
binder. Increasing Nano-SiO, content may cause an
increase of the positive charges unbalanced by alka-
line, leading to a reduction in compressive strength,
this may can be solved by raising the ratio of alka-
line in the mixture. Moreover, all samples were suf-
fered from efflorescence due to the release of an esti-
mated amount of alkalis, confirming the reason for
non-reacted silicate ions especially for samples with
1.0% of Nano-SiO,.

This study will vastly increase utilizing of RM in con-
struction by optimizing composition and adding Nano-
SiO, to improve the properties.
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