AN

Journal of Metals, Materials and Minerals, Vol. 31, No. 2, pp. 10-18, 2021

Synthesis of a two-part geopolymer from red mud and silica fume

Arup Kumar MANDAL"

1 Department of Metallurgical and Materials Engineering, National Institute of Technology, Mahatma Gandhi Avenue, Durgapur, 713209,

West Bengal, India

*Corresponding author e-mail: arup.mandal@mme.nitdgp.ac.in

Received date: Abstract

23 December 2020
Revised date

13 April 2021
Accepted date:

16 April 2021

Keywords:
Red mud;
Silica fume;
Two-part geopolymer;
Waste materials

1. Introduction

Many research has been carried out to examine the possibility of
a geopolymer in construction applications. Nowadays, geopolymer
studies are providing attention because of their potential to be used
as a cost-effective substitute to inorganic cement, the organic polymer
in different applications like aircraft, military applications [1,2], for
preparing high technology ceramic, thermal insulating foams, fireproof
building materials [3-7], for making protective coatings and adhesive
[8-9], etc.

As an alternative to portland cement, geopolymers are emerging
as the binder of structural concrete due to their energy efficiency,
durability, and eco-friendly production method [10]. The production
process of ordinary portland cement (OPC) contributes significantly
to greenhouse gases than geopolymers, producing moderately low CO2
emissions [11]. Geopolymers promises to have excellent potential for
greenness and durability. The raw materials for geopolymers' production
are alumina-silica containing waste materials from different industries.
Synthesizing of geopolymer from various raw materials can be used
with less restriction on particle size, purity, and composition. A variety
of aluminosilicate materials are used to produce geopolymers like
metakaolin, fly ash, bottom ash, blast furnace slag etc. [12-16]. Curing
for geopolymer production is requires very low-temperature thermal
treatment, generally from ambient to below 100°C [17]. The simplicity
in geopolymer production from a range of aluminosilicate sources
comprising waste materials offers a challenging task to characterize
the precursor material fundamentally.

A significant amount of waste is produced by the ‘Bayer’ process
to extract alumina from bauxite ore as a by-product. Subject to bauxite
ore quality, the red mud generation varies from 55% to 65% of the
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In this present study, the development of a two-part geopolymer from waste red mud (RM) and
silica fume (SF) by alkali activator is examined. The influence of silica fume addition, alkali concentration,
curing duration are studied. The compressive strength of geopolymers has been achieved 0.8 MPa
to 8 MPa with varying different compositions and synthesis parameters. The optimum RM/SF ratio
is 60/40, the optimum solid/solution ratio is 1.8 g-mL™ or 2 g-mL™, and the optimum NazSiO3/NaOH
ratio is 0.5 day for 28 days curing time. The incorporation of iron in the geopolymer matrix contributes
to geopolymerization. The study suggests that the produced geopolymer can be used as cementitious
materials for making pavement and other valuable constructional materials. This procedure will be
environment friendly and cheaper also.

treated bauxite [18]. It is assessed that ~100 million tones of red mud
are produced yearly throughout the world, in which India is producing
~5 million tones [19-21]. Red mud is a highly alkaline slurry containing
a large NaOH solution dissolved in water used to extract silicates
and alumina during digestion. Due to high alkalinity, it leaches and
contaminates the groundwater and creates environmental problems.
Thus, disposal and treatment of red mud are significant problems in
aluminium plants. Different researches done on the effective utilization
of red mud, but an extensively recognized technology for employing
red mud recycling are not available [15,22-26].

Silica fume is very fine, a by-product generated from ferrosilicon or
silicon production plant. It contains mainly non-crystalline (amorphous)
silicon dioxide (SiO2). Its fine particles, large surface area, and higher
amount of amorphous SiO2 content are very reactive pozzolana.
Concrete having silica fume can make it very high strength and
durable also [27]. The addition of silica fume in fly ash geopolymer,
improves the mechanical and durable properties of the concrete [28].
Conventionally geopolymer is produced by sodium-based alkali
solution containing sodium hydroxide and sodium silicate. Silica
fume are widely used to increase the geopolymer's active silica content,
where fewer silica materials are used for geopolymerization [29].
The red mud is also less silica-containing materials; hence one-part
geopolymer preparation from red mud is impossible. To get adequate
strength, it requires an additional silica source for geopolymerization.
Silica sand, fly ash, is generally reported in the literature for making
the geopolymer of red mud [15,30]. The combined utilization of fly
ash and red mud for making constructional products is growing fast.
The high strength geopolymer production with highly alkali solution,
combined with red mud and bauxite, was also reported without adding
strength promoting components [31]. Still, silica fume as strength-
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promoting components in red mud for making a two-part geopolymer
are not yet reported in the literature [15,32-34].

Red mud contains silica and alumina in low quantity compared
to other aluminosilicate materials. Hence, it must be used with different
materials; thus, its popularity in geopolymerization is relatively less.
It can be used by the use of silica fume, which contain very high fine
reactive silica. For such benefits, the present work aims to prepare
a two-part geopolymer by the suitable blending of red mud and
silica fume with an alkali activator.

2. Experimental
2.1 Raw materials and their characterization

The red mud used for geopolymer synthesis was procured from
Hindalco Industries Limited, Renukoot, Uttar Pradesh. Silica fume was
procured from an alloy company in Nagpur, Maharashtra. Laboratory
grade (99%), sodium hydroxide pallets manufactured by LOBA
CHEMIE, was used with 40 g as molecular weight, and laboratory-
grade (97%) anhydrous sodium-meta-silicate powder was used. The
molecular weight of sodium metasilicate is 122.08 g. The chemical
composition of all the raw materials is shown in Table 1.

The particle size analysis is shown in Figure 1 and Table 2 red mud
contains mainly silt size particles. The plasticity index lies between
7-17, and it can be classified as silt with intermediate compressibility
(M) as per the Indian Soil Classification System. A large amount
of clayey content in red mud enhances the plasticity, which favors
the brick formation by molding. The particles of silica fume are ultra-
fine. All particles are below 5 um in size.

The XRD analysis of the raw materials shown in Figure 2. Bauxite
is a combination of different mineralogical forms of aluminium
hydroxide like gibbsite, diaspore, boehmite etc., along with hematite.
Therefore, red mud contains various aluminum hydroxides, hematite,
goethite, cancrinite, etc [24]. Cancrinite is a zeolite group of minerals
that has the typical generalized formula (Na, Ca, K)7-s[(Si, Al)12024]
(COs, OH)2:2—-3H20 [35]. Some alumina and silica are present as
corundum and quartz, respectively, as a separate phase. The silica fume
contain almost 100% amorphous silica phase, evidenced by a broad
hump between 2 theta 20° to 30° [10,36,37].

Table 1. Chemical composition of raw material (wt%).

Compound Red mud Silica fume
Al,03 3111 0.616
SiO, 25.78 91.30
Fe,0s 24.96 1.47
TiO, 7.31 -
Na,O 6.41 0.082
P,0s 0.39 0.171
ZrO;, 0.649

SO; 0.613 3.13
Ca0 1.68 0.38
V,05 0.266

MgO - 1.29
K0 - 0.653
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Figure 1. Particle size of the red mud.
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Figure 2. XRD analysis of silica fume and red mud.

Table 2. The grain size analysis of red mud.

Parameters Red mud
Gravel (%) 0
Sand (%) 145
Silt and clay (%) 85.5
Dio mm 0.041
D3, mm 0.05
Dgo mm 0.061
Coefficient of uniformity (Cy) 1.48
Coefficient of curvature (C.) 1
Liquid limit (%) 455
Plastic limit (%) 32.3
Plasticity index (PI) 13.2
IS classification MI

2.2 Methods

The dried red mud was pulverized to powder finer than 250 pm
to get a larger surface area for facilitating geopolymerization reaction.
After impurities removal, silica fume are air-dried mixed thoroughly
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in a tray at fixed ratios as required blending in a dry condition, as shown
in Table 3. The activator solution comprised of NaOH and Na2SiO3
was kept for 24 h before its usage. The mixture was then blended with
different waste materials for 10 min to 15 min to allow adequate
reaction between solution and solids to better dissolve silica and
alumina with the required amount of water. The blending resulted in
a geopolymer precursor paste. The paste was filled in cylindrical
molds with a 38 mm diameter and 150 mm length. The filled molds
were placed on a vibrating table for 5 min to remove the air bubble
entrapped inside the paste. The molds were kept in the ambient
environment for 4 days to allow initial curing; the specimens were
then de-molded, followed by prolonged curing in ambient and exposed
conditions. De-molded samples were first cut into the standard size
of 38 mm x 76 mm. Samples were also kept in the oven, wrapped
in poly-bags at 80°C to 85°C. Poly-bags prevented the excessive
loss of curing fluid in the oven.

Previous work has reported that the amorphous aluminosilicate
having a three-dimensional network and also cementation properties
are the reason for strength development [38]. Devedovits et al.
suggested a geopolymer's synthesis to make a strong product at a
composition range M20/Si02=0.2-0.48; SiO2/Al,03=3.3-4.5; M20/
Al203=0.8-1.6 and H2.0/M20=10-25 where M is alkali metals
(Na,Ca etc). A lot of researchers also got similar results [23,31,39-43].
For the above-said reasons, experiments were designed to decrease
the number of tests.

For making the red mud silica fume, bricks with sodium hydroxide
alkali solution RM/SF ratios (i.e., 80/20, 70/30, 60/40, 50/50,
40/60) were selected at a fixed solid/solution ratio of 2 g-mLL.

The RM/SF ratio of 60/40 was chosen for determining the optimum
solid/solution ratio and the curing duration. The solid/solution ratio
was varied as (1.5, 1.8, 2.0, 2.5, and 2.8) g-mL-*and the samples were
tested at a curing period of 5, 7, 14, 21, 28 days. The purpose of
selecting the different RM/SF ratios is to examine the optimum quantity
of red mud used for geopolymer synthesis to use the red mud waste as
much as possible. Red mud previously contains a substantial amount of
sodium hydroxide; still, 4 M concentration was used as the geo-
polymerization reaction did not occur at zero NaOH concentration. The
samples after 7, 14, 21, and 28 days curing period were tested (Table 3).

2.3 Testing

The strength value of cured geopolymer sample was determined
by unconfined compression strength. The two ends were polished

Table 3. Blending of different materials in dry condition.

using sandpaper to get smoother sample surfaces. X-ray diffraction
(XRD) characterized the red mud compositions, silica fume, and
28 day-cured geopolymers were characterized by X-ray diffraction
(XRD). The microstructure of the geopolymers was examined using
SEM. Samples for XRD and SEM analysis were prepared from the
failed compression test specimens. The fracture surface was observed
under SEM to see the internal structure, and the powder sample was
used for XRD analysis to determine the different phases present
inside the geopolymer.

3. Results and discussion

3.1 Red mud and silica fume bricks

3.1.1 Curing duration in ambient exposure conditions

The optimum curing period of red mud — silica fume geopolymer
was found to within 14 days to 21 days. The maximum UCS value
reached within 21 days and was 4.29 MPa. However, the specimen
cured for 28 days showed an increase in modulus of elasticity and
brittleness. Figure 3 shows the failure pattern of geopolymers at three
durations 7, 14, and 28 days. The 7-day failure shows a ductile failure,
while the 28-day failure was brittle. With the increase in the curing
period, the ductility of samples decreased, and the compressive strength
increased. There was an enormous increase in UCS values from 7 days
to 14 days and only a slight increase from 14 days to 28 days, the same
being the case of decreased ductility. Figure 4 shows the variation
of UCS values of geopolymer with the curing duration.

Figure 3. Failure pattern of red mud/silica fume (60/40) geopolymers (a) 7 days
(b) 14 days (c) 28 days.

Sample name Red mud Silica fume SiO2/Al20s Na20/SiO2 Na.O/Al203
R80S20 80 20 191 0.49 0.93
R70S30 70 30 2.48 0.42 1.03
R60S40 60 40 3.22 0.36 1.17
R50S50 50 50 4.26 0.32 1.36
R40S60 40 60 5.78 0.28 1.62
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Figure 4. Stress-strain curves of RM/SF ratio of 60/40 for optimum curing
duration in the ambient environment at a solid/solution ratio of 2 g-mL™.

3.1.2 Curing duration in oven

The stress-strain diagram of elevated temperature with various
curing duration is shown in Figure 5. The curing temperature was set
at 80°C to 85°C. The maximum UCS value was found to be 7 MPa
at a 28-day curing duration. The variations in UCS values and ductility
for curing duration were similar to ambient curing, the difference
being the higher rate of increase of early strength. Also, the value
of compressive strength was more significant than the value of
ambient temperature cured samples. It showed brittle failure during
the compressive strength test. It is due to the increasing the curing
duration increases the hydrothermal products, responsible for strength
development [44,45]. Compared to the ambient curing (as discussed
in Section 3.1.1), curing in slightly increasing temperature, the rate
of geopolymerization increases, resulting in more and quick strength
development inside the product [46].
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Figure 5. Stress-strain curves of RM/SF ratio of 60/40 for optimum curing
duration at elevated temperature at a solid/solution ratio of 2 g-mL™.

3.1.3 Variation of RM/SF ratio

As seen in the literature review, the increasing silica content
would increase the UCS value and decrease the ductility. It was also
confirmed by the results of this geopolymer also. Figure 6 shows
the variation of stress-strain curves with the RM/SF ratio.

The maximum strength was found 6.53 MPa and 7.35 MPa for
14 days and 28 days cured samples, of samples having RM/SF
ratio 60/40. With an increase in silica fume content, the geopolymer
precursor showed higher resistance to flow. This increased resistance
leads to the rise in several voids in the specimens, which may lead
to premature failure of the specimen. Also, many uneven results
were obtained while testing the samples with high silica fume content.
Though the strength increases with an increase in silica content,
geopolymers with high silica content deteriorate at the outer surface
more. Hence the optimum ratio can be selected as 50/50.
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Figure 6. Stress-strain curves of different RM/SF ratio (a) 14-days (b) 28 days at a solid/solution ratio of 2 g-mL™.
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3.1.4 Variation of solid/solution ratio

The solution comprises alkali activators and water. An increase
in the amount of alkali activator may increase the dissolution of
amorphous alumina and silica, but too much rise has been found to
have adverse effects. When the ratio was decreased from 2 g-mL*
to 1.8 g-mL-, the performance of geopolymer upgraded, but with
a further decrease to 1.5 g-mL%, the strength was drastically reduced.
With more solution content, the density of the sample decreased.
Also, there was a high amount of deterioration of the outer surface
and shrinkage of samples.

When the ratio was increased to 2.5 from 2, both compressive
strength and modulus of elasticity decreased, attributed to reduced
activation and decreased silica content (from sodium silicate). However,
the strength increased for the ratio 2.8, owing to a higher degree of
solid compaction. Though the strength is high at this ratio, it can still
not be selected as optimum due to great sample preparation difficulty.
It took 40 min just to mix this sample due to the minimal solution
(water content). It was challenging to obtain a uniformly mixed precursor
paste. The paste obtained was of very little consistency. Hence the
optimum ratio can be selected as 1.8 g-mL™* or 2 g-mL, with both
portraying nearly equal results. Figure 7 shows the variation of
strengths with solid/solution ratio.

3.1.5 Variation of sodium silicate content (Na2SiO3s/NaOH ratio)

The ratio was varied from 0 to 2. The optimum ratio has been found
to be 0.5. Starting from 0, the modulus of elasticity was appreciable
at this ratio, but the strength was lowest. Large surface cracks also
appeared on the sample surface. At a ratio 0.5 the strength increased
considerably. Further rate increase led to a decrease in strength and
modulus of elasticity. The specimens with high ratios had greater
consistency while paste preparation.

The specimens with ratio 1.5 and 2.0 were found to be ductile.
The specimen with a ratio of 2.0 highly deteriorated, and efflorescence
was seen on the surface due to unreacted sodium silicate presence.
Figure 8 shows the variation of Na2SiOs/NaOH ratio of the compressive
strength of the samples.

Figure 9 shows the failure pattern of geopolymers with NazSiOs/
NaOH ratio (a) 2 (b) 1. The degree of surface deterioration is evident
in the figure with Na2SiO3s/NaOH ratio of 2.0. The geopolymer with
the lower content of alkali activator produces less geopolymer,
resulting less strength [47].

3.4 XRD analysis

Figure 10 shows the XRD pattern of red mud, silica fume, and
geopolymer. XRD graph of silica fume shows high broad hump 10°
t0 40° (20) centered about 22°. The broad hump denotes the amorphous
content present in silica fume, which confirms its reactive nature.
X-ray diffraction patterns before and after alkali activation are similar,
and both contain a mixture of crystalline and amorphous phases.
Various crystalline peaks of quartz, hematite aluminium hydrouxide
phases are present in geopolymer also, but the crystalline phases'
intensity decreases considerably in geopolymer. Iron in geopolymer is
present as Fe(ll) in olivine (Mgog Feo1)2SiOa. Other phases are present as

J. Met. Mater. Miner. 31(2). 2021

sodium-based Anorthite (Ca,Na)(Si,Al)20s and sodium aluminosilicate
hydroxide hydrae Nasg(AlSiO4)s(OH)2-4H20. The presence of such
phases suggests that some dissolved red mud particles form crystalline
phases. But significant reaction products are amorphous [48].
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Figure 7. Stress-Strain curves RM/SF ratio of 60/40 for optimum solid/
solution ratio.
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NaOH ratio at a solid/solution ratio of 2 g-mL™.

Figure 9. Failure patterns of geopolymers RM/SF ratio of 60/40 with Na,SiO/
NaOH ratio (a) 2 (b) 1.
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Figure 10. XRD graph of red mud silica fume geopolymer.

The XRD peak of geopolymer shows the reduced peak intensities
of the crystalline material present in red mud. It confirms that the
crystalline phases are not reactive and do not take part in geopolymer
reaction. A broad hump is also seen in the XRD graph of a geopolymer.
There is a shift in the center of that broad hump centered around
27° compared to the center of the broad hump of silica fume. This shift
and the broad hump is the characteristic curve for all geopolymers
and is independent of the type of source materials [3,49,50].

Due to presence of iron in red mud, all products' elemental
composition shows a significant amount of iron. The high amount

of Fe in geopolymer gel occurred by substituting the Al [37,48].
Davidovits et al. suggested that, after alkali activation a change of
iron environment from octahedral to the tetrahedral site can be possible
when incorporated into a geopolymer framework. During the alkali
activation, iron's behavior relies on its starting materials’ mineralogical
and chemical states. Therefore, after alkali activation, Fe-bearing
minerals' peak intensity decreases significantly, indicating more iron
in the glassy phase, which participates in polymerization reaction.
Iron incorporation inside the Ferro-silicate matrix geopolymer
is also reported by several authors [41]. It means incorporating iron
ions in the geopolymer matrix helps increase the geopolymerization
reaction and ultimately responsible for its strength increment.

3.5 SEM Images

The red mud morphology comprises irregular layered aggregates.
The SEM image of silica fume shows ultrafine spherical particles
packed loosely. The geopolymer SEM shows large aggregates with
irregular and angular edges. It may be inferred from the image that
red mud and silica fume have combined chemically to form large
particles. Generally, a geopolymer is characterized by platy films,
as seen in the picture. The SEM image of geopolymer at lower
magnification shows certain loose microspheres showing the presence
of unreacted particles. Figure 11 shows the SEM images of red mud,
silica fume, and geopolymer. The bulk density of geopolymer has
a greater effect on the formation of pores in geopolymer samples.
These results affected the microstructure and compressive strength
and agreed with the finding derived by other researchers also [51-52].

Figure 11. SEM images of (a) red mud (b) silica fume (c) and (d) geopolymer.
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4. Conclusions

The results demonstrated that all the above-listed parameters
influence the compressive strength of the geopolymer. For the studied
range of compositions and synthesis parameter variations, geopolymers'
compressive strength was found in the range of 0.8 MPa to 8 MPa.
The optimum curing duration of geopolymers can be concluded as
28 days, depending on the amount of silica content. The stiffness
increases with an increase in curing duration, and the strength also
stabilizes with time. High-temperature curing increases the compressive
strength and decreases the curing time. The deterioration of geopolymers'
outer surface is also negligible during elevated temperature curing.
Curing at ambient and exposed conditions causes surface deterioration
and efflorescence due to alkali presence. The optimum RM/SF ratio
was 60/40, the optimum solid/solution ratio was 1.8 g-mL or 2 g-mL*%,
and the optimum NazSiOs/NaOH ratio was 0.5. With the increase in
red mud content, the strength of geopolymer decreases. Incorporation
of iron in the geopolymer matrix and contribute to the geopolymerization.
The addition of solid/solution ratio decreases the strength of the geopolymer
and vice versa. The amorphous silica fume increase the dissolution
behavior of silica species resulting increase in strength. This study
demonstrates that geopolymers can be used as cementitious materials,
which can be used as a making-of pavement, and other useful applications.
It can be considered as an environment friendly product.
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