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This work provides a new source of binder system, i.e., waste rice husk ash (RHA) derived sol for un-
shaped refractories. A facile (alkali extraction) route is used to synthesize the sol from the waste RHA.
The sol consists of single phase amorphous silica with average particle size around 22 nm. The estimated
cost of 30wt% solid containing RHA derived sol per litre is around 9.35 $. The temperature of mullite
(3Al2O3$2SiO2) formation from waste derived sol and reactive alumina containing system is 1250 �C or
higher. The sol (30 wt% SiO2) and the dry sol (99.32 wt% SiO2) is used to formulate the high alumina
castable samples. The sintering is performed at 1400 �C, 1500 �C and 1550 �C. The different physico-
mechanical characterizations and blast furnace slag (BFS) corrosion test at 1500 �C are comprehen-
sively investigated with the prepared castables. The properties of 5 wt% silica (3 wt% from sol and 2wt%
dry sol) containing castable specimens are also equated with the commercially available different silica
containing high alumina castable systems. The obtain results are good agreements with the source data.
These promising characteristic confirms the possibility of using waste RHA derived sol for manufacturing
of cement free high alumina castable and leads to the economic and ecological benefits in the refractory
industries.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The refractory castable contains generally two different con-
stituents, i.e., major part is non-continuous refractory grade ag-
gregates and another part is continuous matrix or bonding phase.
The interactions between these two constituents are regulating the
final properties of the castables. Therefore, the selection of the
bonding or matrix phase, which is greatly affecting the product
characteristics, is highly sensitive for making the refractory cast-
able. The binder phase delivers both strengths at green body and at
higher temperature by forming high temperature phases or by
enhancing the sintering kinetics through the decomposition on
heating [1,2].

Generally, used binder in refractory castable is calcium alumi-
nate cement (CAC). However, it has some limitations, like formation
of low melting eutectic phases through the reaction of CaO with
SiO2 and Al2O3, for high temperature (>1500 �C) applications. It
degrades the corrosion resistance and the high temperature
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mechanical strength of the castable [3,4]. So, the focuses of the
researchers have now been shifted to the no cement bonding or
matrix systems for high temperature applications [4e7]. Recently,
colloidal silica, sol-gel derived sol or silica fume and other micro
fine or nano silica sources have been played an important role as an
alternative of CAC in the castable [4,7e9]. The addition of silica sol
in the refractory castables has some advantages like less or no
water requirement, short mixing time, high drying rate, high
permeability, low spalling risk and introduced sustainable green
strength by gelation mechanism [10,11]. Furthermore, the nano-
size reactive silica containing sol may endorse the formation of
mullite (3Al2O3$2SiO2) in alumina containing refractory castables
after firing [1,8,9]. The presence of mullite matrix phase in the
castable helps to improve the various properties such as high
temperature stability, chemical stability, low thermal expansion,
high refractoriness, good strength and toughness of the refractory
[12]. Therefore, colloidal or silica fume is commercially exploited as
an alternative refractory binding system and it is expected to in-
crease the demands in the near future. Consequently, the prepa-
ration of these nano-size precursors is difficult and expensive. It
affects the cost of the final products. To develop a facile, sustainable
and economical route for the preparation of nano silica containing
ved sol: A potential binder in high alumina refractory castables as a
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sources is challenging for the researchers. Lim et al. [13] have
described the several synthesis methods, i.e., hydrolysis and
condensation of silicate compound, direct oxidation of silicon, and
ion exchange of sodium silicate, for the preparation of colloidal
silica. Hyde et al. [14] have provided an overview about the up-to-
date laboratory and industrial-based colloidal, fume and nano silica
synthesis routes. Each of the process retains its own advantages and
limitations according to the commercialization and tailor proper-
ties of the product. Rice husk (RH) or waste rice husk ash (RHA)
derived silica sol or nano silica can also be used as an alternative
silica source for refractory castables.

RH is an outer cover of paddy grain and it is about 20e30wt%
of harvested paddy rice. It is produced through the milling process
of rice [15]. Recently, RH is generally used as a fuel in the boilers
due to generate significant heat (13e16MJ/kg) during the com-
bustion [16]. After burning of RH, it is produced a waste, i.e., rice
husk ash (RHA), which is 18e25% of initial weight of RH. This
waste has no larger application areas rather than land-filling.
Therefore, RHA is abundantly available outside the rice mill and
it is created environmental pollution along with disposal problem
[17]. However, RHA retains around 80e95wt% of amorphous sil-
ica, which has huge industrial importance as a replacement of
conventional silica sources [18e20]. Due to an increasingly wide
market of amorphous silica, researchers are engaged to find out
the economical routes to extract nano silica from RHA. Alkali
extraction is an inexpensive method, which is able to prepare high
purity silica sol or nano silica powder for different mullite based
ceramics [21e23]. Sembiring et al. [24] have prepared mullite
ceramic from RHA derived silica. Serra et al. [25] have revealed a
reaction-sintering technique for the formation of mullite from
RHA. Fernandes and Salom~ao [26] have disclosed that the RHA or
RH derived silica with calcined alumina has formed in-situ mullite
formation. To the best of our knowledge, no such investigation has
been found, where, waste RHA derived sol is used as a binder and
in-situ mullite formation with derived sol in high alumina re-
fractory castable.

The present study is explored a novel approach to investigate
the feasibility of using RHA derived silica sol as a binder system for
high alumina refractory castable. Alkali extraction method is
adopted for the synthesis of silica sol from RHA. Additionally,
mullite formation ability of this waste derived sol with reactive
alumina is systematically investigated. Highlighting is given to the
in-situ mullite formation and the physico-mechanical properties of
the synthesized castables. The corrosion behavior with the blast
furnace slag (BFS) at 1500 �C is also discussed. The obtained prop-
erties of the in-situ mullite matrix containing castable are
compared with the commercially available different silica con-
taining high alumina refractory castable systems.
2. Experimental

2.1. Materials

The waste RHA was collected from local rice mill (“Samrat rice
mill”, Burdwan, India), where, RH was used as a fuel in the boiler.
The physico-chemical analysis of RHAwas previously reported [27].
It retained above ~93wt% of amorphous silica [27]. Analytical grade
(AR) hydrochloric acid (assay 35%), sodium hydroxide plates (assay
99%), reactive alumina (assay 99%) and calcined alumina (assay
99%) were bought from Loba Chemie Pvt. Ltd., India. The CAC (CA-
25M) and brown tabular alumina (98.16% Al2O3) were purchased
from Almatis, India and S. D. Fine Chem. Ltd., India, respectively.
The distilled water was used for all the synthesis process.
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
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2.2. Silica sol synthesis

Fig. 1 depicts the preparation flow chart of waste RHA derived
silica sol, mullite formation and high alumina castable. Silica sol
was obtained from waste RHA using alkali extraction route, which
was deeply discussed in our previous work [28]. 90 mm sieving RHA
was first cleaned at room temperature with 0.5 N HCl solutions
under continuous magnetic stirring for 30min to remove any
possible present metal impurities or dirt’s. 0.75wt ratios of clean
RHA and NaOH pallet was mixed with the distilled water (1 lt.
water with 100 g mixture) in a glass beaker at 90 �C for 1 h. For
accomplishment of the reaction (reaction 1), the mixture solution
was rested for 24 h at ambient temperature. The unreacted solid
part was separated from sodium silicate solution through millipore
filter papers. The filtrated silicate solution was slowly acidified by
the addition of HCl under constant stirring until the transparent
solution was completely precipitated into a white silica gel
(reaction 2). The gel was left for aging for 1 day, and then repeti-
tively washed through the deionized water to eliminate the Naþ or
other ions. The acquired product was then controlled by the heat
treated at 80 �C to remove excess free water. The following chem-
ical reaction can be represented for the formation of silica sol from
RHA [28]:

SiO2ðRHAÞþ2NaOH/Na2SiO3 þ H2O (1)

Na2SiO3 þHCl/ SiO2ðgelÞþNaCl ðsol:Þ þ H2O (2)

2.3. Mullite synthesis

RHA derived silica sol and reactive alumina was mixed to know
the mullite phase (3Al2O3$2SiO2) formation temperature. There-
fore, stoichiometric (3:2) amount of reactive alumina and silica
(30wt% solid containing sol) was mixed in a high energy ball mill
with 600 rpm for 1 h. Later, the mix mass was dried at 110 �C. For
pelletization, the powder was pressed by a uniaxial hydraulic press
with 50MPa pressure. The green pellets were heat-treated at 1100,
1200, 1250 �C for 2 h in an air atmosphere.

2.4. Castable making

Five different castable compositions were prepared bymixing of
brown tabular alumina as aggregates (different sizes), calcined
alumina, reactive alumina, CAC, silica sol and very less amount of
sodium hexametaphosphate (SHMP), as a dispersant agent. The
composition of the different samples and the size distribution of
the ingredients are depicted in Table 1 s-0 composition was pre-
pared by CAC binding system. Whereas, s-1 composition was
fabricated by partially replacing of CAC through the silica sol. s-2
samples onwards compositions were made by the addition of silica
sol and dry silica sol (to avoid excessive water in the castable) in the
place of CAC. Last two (s-3 and s-4) compositions were prepared by
the addition of dry silica sol in place of calcined alumina. Initially,
SHMP, reactive alumina, calcined alumina and both silica sol or CAC
were mixed for 10min and then aggregates, i.e., different fraction
(for good packing efficiency of castable) of brown tabular alumina
were added and mixed for another 5min. Different shapes of
castable specimens were prepared by the pouring of mixed mass
into different sizes (25� 25� 10mm3 and 50� 10� 10mm3 rect-
angular, 25mm3 cube) properly oiled steel moulds. For better
compactness, the mix filled moulds were casted by the vibro-caster
for 5min. The cement containing (s-0 and s-1) samples were
released from the moulds after 2 h of casting for development of
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806



Fig. 1. Preparation scheme of RHA derived sol, mullite formation and high alumina refractory castable.

Table 1
Sample’s nomenclature and composition.

Samples Tabular alumina (wt.%) Calcined alumina (wt.%),
(<2 mm)

Reactive alumina (wt.%),
(<1 mm)

CAC (wt.%),
(<9 mm)

Silica sol (present SiO2,
wt.%)

Dry sol
(wt.%)

SHMP
(wt.%)

Water
(wt.%)

(1
e3mm)

(0.1
e1mm)

(<0.1mm)

s-0 30 20 20 9.8 16 4 0 0 0.2 5
s-1 30 20 20 9.8 16 2 2 0 0.2 2
s-2 30 20 20 9.8 16 0 3 1 0.2 0
s-3 30 20 20 8.8 16 0 3 2 0.2 0
s-4 30 20 20 7.8 16 0 3 3 0.2 0
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workable hardening and then the samples were cured in a ~80%
relative humidity containing humidity chamber for about 24 h at
room temperature to complete hydration reactions. On the other
hand, sol containing castable samples (s-2, s-3 and s-4) was care-
fully released from the moulds after 15min of casting. It didn’t
require any separate curing stages due to sustainable strength was
developed before drying process through the coagulation (the
water from the sol was started to absorb by the other dry aggre-
gates during casting process and helped to decrease the inter-
particle separation distance of sol nano particles with increasing
the particle collision) of sol containing nano particles [10]. Later, the
all casted specimens were very carefully transferred into an air
dryer to dry at 80 �C for 12 h. Sintering was performed in a muffle
furnace at 1400,1500 and 1550 �C for 4 hwith a heating and cooling
rate of 2 �C/min to yield the castable refractories.
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
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2.5. Characterizations

The solid content of RHA derived sol was evaluated by the
heating of sol up to 1200 �C in an air atmosphere. The chemical
composition present of this solid was analyzed by the X-ray fluo-
rescence (XRF) (Philips PW 2400, Netherlands). The pH value of the
sol was measured by the digital pH meter (Toshcon Industries Pvt.
Ltd., Ajmer, India). The shape and size of present particles in the sol
was determined by the transmission electron microscopy (TEM)
(FEI, TECNAI G2-20 TWIN, Netherlands). Differential thermal and
thermogravimetric (DTA-TGA) measurement for mullite formula-
tion was done up to 1300 �C with a heating rate of 10 �C/min in an
air atmosphere (Model- Labsys KEP- Technologies, Serial no-560/
51920, Setaram-Scientific & Industrial Equipment, France). The
formation of mullite and phase formation in the sintered castables
was identified by X-ray diffraction (XRD) analysis with X’Pert Pro
ved sol: A potential binder in high alumina refractory castables as a
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diffractometer equipped with Cu-ka (1.5406 Å) radiation and Ni
filter, the step size of 0.02� in the range of 10� to 80�. Surface
morphology of the sintered castables was observed by the scanning
electron microscopy (SEM) (FEI, Nova Nano SEM 450, Netherlands).
The bulk density (BD) and apparent porosity (AP) of the fired
castables were measured according to ASTM C20. Cold modulus of
rupture (CMoR) of the fired castable and cold compressive strength
(CCS) of the green and fired castable specimens was done according
to ASTM C133 (UTM, H10KL-I0129). The hot modulus of rupture
(HMoR) of fired castable specimens was determined at 1400 �C
according to ASTM C583-10 in a HMoR furnace (Bysakh & Co,
Kolkata, India). Thermal shock resistance (TSR) of the fired castable
samples was examined by the measurement of CCS values after
repetitively air quenching from 1200 �C to ambient temperature.
The fired castable specimens were heat-treated at 1200 �C for
15min and air quenching at room temperature for 10min. This
event was repeated and CCS was measured at a regular interval of 2
cycles. For BFS corrosion resistance, the central groove (10mm
diameter and 15mm height) of the fired castable blocks were used
and BFS powder was poured into the groove. The melting was done
in a muffle furnace at 1500 �C for 30 h. The blocks were then cut
into vertically by diamond cutter and the castable-BFS interface
was examined by SEM and energy dispersive X-ray (EDX)-mapping
techniques.
3. Results and discussion

3.1. Characterization of silica sol

The waste RHA derived sol is appeared in white color. The pH
value of the sol is about ~9. When the sol is heat-treated above at
1200 �C/1 h, it is given around 30wt% of solid content. The dis-
cussion about the dry sol is reported in our previous publication
[28]. It retains about 99.32wt% of amorphous SiO2.

The shape, size and internal structure of the silica present in sol
are deeply examined by the TEM analysis, which is displayed in
Fig. 2. It is observed that the silica particles are closely spherical in
shape and the average size is around 22 nm. It is also seen that the
nano particles are enormously agglomerated. It may be attributed
due to existing of silicon-oxygen bridge bonds in the network [29].
The surface to volume ratio of these nano particles is high. It may be
ascribed to the strong attractive cohesive forces between the SiO2

particles, may be another reason of agglomeration [30]. The
Fig. 2. TEM analysis of RHA derived sol.
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selective area electron diffraction (SAED) pattern of the sol specifies
that the structure of present silica in the sol is amorphous in nature
due to the deficiency of intensities rink in the pattern.

Waste RHA derived high purity nano size amorphous silica
containing sol is environmentally and economically benign.
Moreover, alkali extraction route derived silica sol from RHA is
economical due to low synthesis temperature (90 �C) and inex-
pensive raw materials. It has no tendency to generate any green-
house gases like CO2 during the sol extraction as the waste RHA is
already burn in boiler. Other possible gases like hydrochloric (HCl
[) or chlorine (Cl [) are transformed into NaCl through the reaction
2. Table 3 shows the cost estimation of silica sol production per litre
through the alkali extraction method from RHA as ingredient.
Estimated cost of 30wt% solid (~22 nm average silica particles)
containing sol is around 9.35$ per litre. Subsequently, the cost of
commercially available silica sol in market is 0.5$ to 52$ per litre,
depends on the solid content, purity and particle size of silica
[31,32]. It is concluded that this waste derived high purity (99.32%)
silica sol from alkali extraction route is eco-friendly and cheaper
compare to its present available aspects.

3.2. Characterization of mullite

Fig. 3 illustrates the DTA-TGA curve of the dried mixture con-
taining stoichiometric (3:2) amount of reactive alumina and silica
(~30wt% solid containing sol) to evaluate the most possible mullite
formation mechanism. The TGA curve depicts two distinct weight
losses from room temperature to 510 �C. The first weight loss
(~4.5%) up to 170 �C is observed due to the elimination of absorbed
water from the mixture. Next weight loss (~6%) at 230 �Ce510 �C
may be attributed due to the breaking of SieOH bonds, presented in
silica sol [33]. Consequently, both weight losses are associated with
endothermic peaks in DTA curve. Further, no weight changes are
detected in TGA curve up to 1300 �C. However, first exothermic
peak at 770 �Ce940 �C in DTA curve may be related to the trans-
formation of amorphous to crystallization of sol containing nano-
silica [34]. The next exothermic peak is detected at around 1030 �C.
It may be ascribed due to the combination effects like trans-
formation of alumina phase and the formation of AleSi spinel or
nucleation of mullite phase (first step mullite) [35,36]. At high
temperature, wide range of exothermic peak at 1110 �Ce1300 �C
(center at 1250 �C) may be indicated the crystallization reactions of
two step mullite [37,38].

Fig. 4 depicts the XRD pattern of 1100 �C, 1200 �C and 1250 �C
sintered mixture mass of 3:2M ratio reactive alumina and silica
(~30wt% solid containing sol). It reveals that at 1100 �C and
1200 �C, amorphous silica containing sol completely transforms
into cristobalite (JCPDC card number: 76e0937) and some mullite
(JCPDS card number: 06e0258) phases. The mullitization is started
above 1000 �C through the diffusion reaction of reactive alumina
and nano silica, as shown in DTA curve at 1030 �C (Fig. 3). This
Table 2
Chemical composition of the ingredients.

Compound Tabular alumina (wt.%) CAC (wt.%) Blast furnace slag (wt.%)

SiO2 0.76 0.30 35.42
Na2O 0.17 0.80 e

CaO e 18.10 40.67
Fe2O3 0.49 0.20 0.45
MgO e 0.40 6.83
P2O5 e e 0.13
Al2O3 98.16 80.20 14.52
S e e 1.23
MnO e e 0.73
TiO2 0.42 e e
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Table 3
Cost estimation of silica sol (~30% solid) synthesis per litre using RHA as source.

Raw materials used Energy Labour cost þ others

Name Cost per kg Unit pricea Name Cost per kg Unit price

Rice husk ash 0 0 Magnetic stirring and oven (0.18 þ 0.18) $ 0.15 $ per KW

NaOH pellet 2.94 $ 5.2 $ per kg

HCl solution (1 N) 4.05 $ 5.4 $ per L

6.99 $ 0.36 $ 2 $
Total extraction cost of silica sol per litre ~ 9.35 $

a https://www.lobachemie.com/flipbooks.

Fig. 3. DTA-TGA curve of reactive alumina and sol mixture.

Fig. 4. XRD pattern of1100 �C, 1200 �C and 1250 �C sintered mixture mass of reactive
alumina and sol.
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diffusion reaction may be occurred on the surface of alumina par-
ticles after accruing the required activation energy (1100± 100 kJ/
mol) due to huge size difference of reactive alumina (<1 mm) and
nano silica (~22 nm) particles [36]. Therefore, precipitation of
mullite starts on the surface of alumina particles. A schematic
representation of the diffusion reaction of reactive alumina and sol
containing nano silica is shown in Fig. 5. At high temperature
(1250 �C), significant mullite peaks are emerged, whereas, numbers
of cristobalite and alumina peaks are disappeared or intensity is
reduced in XRD pattern (Fig. 4). It’s may be happened due to more
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
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amount of Al3þ ions from reactive alumina are diffused through the
mullite phase to form further stable mullite formation with nano
silica. It is attributed to a strong exothermic peak in DTA curve
(Fig. 3) at around 1250 �C. The presence of large amount of nano
sized silica in the system acts as nucleation centers for stable
mullite formation. Most intense diffraction peak at ~26.40� for
1250 �C sintered sample is corresponding to the mullite formation
and it is dominating phase in the system [38]. The formed mullite
grains are continually grown and produced a diffusion barrier be-
tween the reactive alumina and nano silica. Later, it is hindered the
further mullite formation in the matrix. Therefore, some residual
amounts of silica and alumina phases are present in between the
mullite phases, and their existence is detected in XRD pattern
(Fig. 4) of 1250 �C sintered sample. To complete further mullite
phase formation, higher temperature is required. It provides more
activation energy to migrate Al3þ ions through the barrier. How-
ever, significant amount of mullite phase is formed at 1250 �C
(Fig. 4) in the mixture of reactive alumina and sol and it may
confirm that the firing temperature for mullite formation in this
system is 1250 �C or higher.

Fig. 6 shows the SEM micrograph of 1100 �C and 1250 �C sin-
tered mixture of reactive alumina and sol. From the micrograph, it
is clearly observed that the nano size mullite grains are nucleated
on the surface. The number and size of mullite grains are increased
with the increasing of sintering temperature from 1100 �C to
1250 �C. However, formed mullite grains are mostly spherical in
shapes. It may be happened due to high size differences of the re-
action constitutions. Thus, the growth in particular direction may
be inhibited and the spherical shaped mullite is formed.
3.3. Characterization of castable

The castable samples with different composition are prepared
using RHA derived sol as a binder and ten specimens of each
composition are fabricated for appropriate results. The samples are
sintered at 1400 �C, 1500 �C and 1550 �C. It is lower temperature
than the sintering temperature of conventional no cement castable
[39,40]. No deformity on shape and dimensions is detected for all
the sintered castable samples, as exhibits in Fig. 1.

The phase analysis of refractory castable is important to identify
the existent of any low melting impurity phase in the matrix of
castable. It commonly deteriorates the properties and performance
at high temperature. Fig. 7 depicts the XRD patterns of some se-
lective sintered castable specimens. It can be identified that the
corundum is a major crystalline phase for all the fired samples.

However, some calcium aluminum oxide phases are identified
in the XRD pattern (Fig. 7) of s-0 samples. On the other hand, RHA
derived silica sol containing samples (s-2, s-3 and s-4) are retaining
some in-situ mullite peaks in the XRD pattern (Fig. 7) as a minor
phase. This mullite is developed through the diffusion reaction of
reactive alumina and sol containing nano silica at above 1200 �C, as
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806
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Fig. 5. Schematic representation of mullite formation reaction mechanism of reactive alumina and sol containing nano silica.

Fig. 6. SEM micrograph of 1100 �C and 1250 �C sintered mixture of reactive alumina and sol.
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discussed in the previous section (characterization of mullite).
Theoretically, 2 wt% (s-1), 4wt% (s-2), 5wt% (s-3) and 6wt% (s-4)
nano silica containing high alumina castable are produced
maximum 7.10wt%, 14.20wt%, 17.75wt% and 21.30wt% in-situ
mullite (3Al2O3$2SiO2), respectively, in the matrix. Moreover,
some unreacted silica peaks are detected in 6wt% of nano silica
containing (s-4) castable specimens. So, further addition of silica sol
in the composition of castable may dilute the high temperature
properties due to the formation of free silica in the matrix.

The behaviors of the sintered ceramic bodies are not only
influenced by the present phase but also very much dependent on
the developed microstructure like distribution of present phases,
sinterability, and amount of pores [41]. The SEM images of the
fractured cross-sectional surfaces of the sintered castable (s-0 and
s-3) specimens are depicted in Fig. 8. It is notified that the cement
containing (s-0) and sol containing (s-3) specimens are demon-
strated slight different microstructures. s-0 specimen shows lower
grade of densification with some pores (P) on the surface at
1400 �C. However, at 1550 �C sintered s-0 specimen exhibits a
compacted structure without any magnificent pores. High magni-
fication image of s-0 (1550 �C) sample shows some liquid phases (L)
in the interfaces of corundum (C) grains. Hence, liquid phase sin-
tering is attributed for CAC containing samples. Conversely, sol
containing s-3 specimens retain a uniform rigidmorphology. It may
be ascribed due to the sol with nano silica particles. It has great
sinterability characteristic at high temperature due to the high
surface area of nano silica particles. It helps to react with alumina
sources and forms a continuous in-situ mullite (M) matrix. The
needle like mullite grains are formed in the castable network, as
observed in high magnification image. At high temperature, more
activation energy helps to react alumina with nano silica and forms
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
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nano size mullite in a particular direction. Therefore, low temper-
ature (1250 �C) formed spherical mullite grains (Fig. 6) are trans-
formed into needle shape mullite grains at 1550 �C (Fig. 8).

Table 4 depicts the mean value of BD and AP of the fired castable
specimens. It can be observed that the RHA derived sol containing
samples show slight lower value of AP than CAC containing s-
0 sample sintered at 1400 �C. Sol containing nano silica is started to
form significant amount of in-situmullite phase after 1200 �C in the
castable (as shown in Fig. 4). It may enhance the densification
through the development of continuous bonding matrix in the
aggregates. Additionally, nano particles improve the packing effi-
ciency of refractory castable by filling inter-aggregates pores of
castable [7]. 6 wt% (3 wt% sol þ 3 wt% dry sol) silica containing s-4
sample exhibits lowest porosity. It may be ascribed due to presence
of unreacted nano silica at 1400 �C (Fig. 7). This free nano silica
forms a viscous phase in-between the refractory aggregates and
fills the pores. However, the porosity effect doesn’t significantly
affect the BD of the castable. It may be due to high density CAC
(~3340 kg/m3) is replaced by the low density material (silica,
~2200 kg/m3) or formation of low density phase, i.e., mullite
(~3100 kg/m3). The AP values are reduced and BD is improved with
increasing the sintering temperature from 1400 �C to 1500 �C or
1550 �C due to accelerate different sintering mechanism and
shrinking of pores volume. s-0 sample shows more reduction of AP
(~10.17%) valuewith increasing the firing temperature from 1400 �C
to 1550 �C. It may be attributed due to the formation of low eutectic
phases above 1400 �C (Fig. 8). This phases are introduced the liquid
phase sintering in the castable (s-0 and s-1) and reduced the AP
values. The formation of more amount of mullite phase (Fig. 8) in
the systemwith increasing temperature is assisted for reduction of
AP and enhancing of BD for sol containing samples (s-2 to s-4).
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806



Fig. 7. XRD pattern of sintered castable specimens.
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The green CCS values of the castable specimens after drying at
80 �C are shown in Fig. 9(a). CAC containing samples (s-0 and s-1)
showgood green strength than sol containing samples (s-2, s-3 and
s-4). It may be happened due to the formation of CAH10, C3AH6 and
C2AH8 phases in the castable matrix through the hydration of CAC
containing phases like CA, CA2 and C12A7 [18]. These hydration
phases are provided an interlocked network in the system of
castable and help to bind the aggregates. It delivers the green
strength or setting behavior of the castable. However, sol contain-
ing specimens also display the sustainable strength values. The sol
retains hydrated silicon (SieOH) particles. During drying of cast-
able, the hydroxyl group from the sol is removed as a water vapors
and free silanol groups (SieOH) is transferred into siloxane bond
(SieOeSi) through Eq. (3). It forms 3D networks of SieOeSi bonds
in the castable matrix. It can be encapsulated the solid aggregates
and provided the green strength of the castable. Fig. 9(b) depicts
the schematic representation of gelation mechanisms of nano silica
sol. It helps to understand the reason behind the green strength of
sol containing castable specimens.

�Si� OH þ OH � Si� ¼ �Si� O� Si�þ H � O� H[ (3)

Fig. 10(a) and (b) illustrates the CCS and CMoR values of castable
specimens after sintering, respectively. The strength values of the
castable specimens are improved with the sintering temperature. It
may be attributed due to the hydration or week sol bonds are
substituted through the robust ceramic bonds. Subsequently, both
strength values of CMoR and CCS are expressively improved with
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
replacement of hydraulic binder, Journal of Alloys and Compounds, https
the addition of sol in the place of CAC (s-1 and s-2) or calcined
alumina (s-3 and s-4). Sol introduces nano silica in the system, and
fills the inter-aggregate void. Sol generates highly active SiO2 par-
ticles which are favorable to the reaction with reactive alumina for
the formation of in-situ mullite. This mullite phase introduces a
network into the castable matrix. The reduction of void volume and
introduction of mullite network enhances the strength values of
the castablewith sol incorporation in the system. However, CCS and
CMoR are improved with increasing the sintering temperature due
to increase in sinterability characteristics of the castable. It is also
observed that the presence of free silica in s-4 sample does not
degrade the room temperature strength values.

The analysis of hot flexural strength of castable specimens is
performed at 1400 �C. The HMoR values of some selective castable
specimens (s-0, s-2, s-3 and s-4) sintered at 1400 �C and 1550 �C are
illustrated in Fig. 11. 1400 �C sintered specimens show low value of
HMoR, it may be due to lack of densification (Table 4). The porosity
in the castable introduces number of crack generate sites, which aid
to reduce the strength value. However, 1550 �C sintered samples
show above 10MPa of HMoR values, which is considered for
application in castable refractories [42]. The development of uni-
form dense microstructure may be the reason of improving HMoR
values. Subsequently, silica sol containing specimens are exhibited
higher values of HMoR due to introduce of fine mullite particles in
the castable matrix. The formation of mullite is enhanced the sin-
tering mechanisms and developed strength. The mullite (melting
point ~1840 �C) has higher ability to resist the braking forces than
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806



Fig. 8. SEM micrographs of the fractured cross sectional surfaces of sintered refractory castables.
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calcium aluminate phases at high temperature. The CAC containing
specimens have a possibility to form low melting phase like C12A7
(~1400 �C) in the castable system. Consequently, 6wt% (s-4) sol
containing castable specimen shows slightly lower value of HMoR
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
replacement of hydraulic binder, Journal of Alloys and Compounds, https
than 5wt% (s-3) containing specimen. It may be happened due to
presence of free nano silica, which may form viscous phases at high
temperature and reduce the HMoR value of the castable.

4 wt% CAC containing (s-0) and 5wt% silica containing (s-3)
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806



Table 4
Apparent porosity and bulk density of sintered castable samples.

Samples Apparent porosity (%) Bulk density (gm/cc)
1400 �C 1500 �C 1550 �C 1400 �C 1500 �C 1550 �C
Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.

s-0 17.78 1.02 10.95 0.68 7.61 0.54 2.73 0.02 2.83 0.04 2.90 0.03
s-1 15.17 0.95 11.27 0.83 7.57 0.62 2.75 0.02 2.82 0.04 2.91 0.05
s-2 14.27 0.79 10.08 0.66 7.22 0.74 2.76 0.03 2.81 0.03 2.92 0.04
s-3 13.11 0.92 8.75 0.78 6.49 0.45 2.77 0.03 2.82 0.03 2.91 0.03
s-4 10.43 0.86 7.23 0.84 5.41 0.53 2.76 0.03 2.84 0.04 2.93 0.04

Fig. 9. (a) Green CCS values of castable specimens after drying at 60 �C and (b) gelation mechanisms of nano silica sol [10]. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 10. (a) CCS and (b) CMoR values of sintered castable specimens.
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samples (highest HMoR among all sol containing samples) are
taken for TSR evaluation. Fig. 12 displays the percent of retention
CCS values of the respective samples as a function of undergoing
number of thermal cycles.

s-0 specimen shows a gradually degradation of CCS values with
the thermal fatigue. It may be due to the generation of subcritical
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
replacement of hydraulic binder, Journal of Alloys and Compounds, https
cracks in the castable system during thermal cycle because of huge
temperature differences (~1170 �C) and the cracks continuous
propagate with repetitively thermal shock [43]. The retaining
strength of s-0 sample is ~59% of its original strength value after
10th thermal cycles. The silica sol containing s-3 sample initially
shows a slightly higher degradation rate than s-0 sample. The
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806



Fig. 11. HMoR values of castable specimens at 1400 �C.

Fig. 12. Retention of CCSvaluesof s-0 and s-3 specimens after undergoing number of
thermal cycle.

Fig. 13. SEM micrograph of s-3 specimen after 6th thermal shock.
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mismatch of thermal expansion coefficient between alumina
(~8.1� 10�6/�C) and mullite (~5.4� 10�6/�C) particles, introduces a
higher concentration of stresses in the system. It aids to generate
number of micro-cracks; results crack propagation in the matrix.
Fig. 13 depicts the surface morphology of s-3 specimen after 6th
thermal shock cycles and its shows that the numbers of micro
cracks are generated on the surface. This may be the reason of rapid
reduction in the strength retainment capacity of s-3 sample.
However, the strength degradation rate of s-3 is decreased after 6th
thermal cycles and after 10th cycles it is retained around ~57% of its
initial strength value.

s-3 specimen after firing at 1550 �C is exhibited optimum
properties without free silica among other sol containing speci-
mens. This composition (s-3) and 4wt% CAC containing (s-0)
specimen are selected for blast furnace slag (BFS) corrosion test.
The composition of BFS is tabulated in Table 2. In the BFS, the major
compounds are CaO, SiO2 and Al2O3 and contains around 40.67wt
%, 35.42wt% and 14.52wt%, respectively. BFS’s melting tempera-
ture is above 1400 �C. The corrosion test is performed at 1500 �C for
30 h in an air atmosphere and the test schematic is represented in
Fig. 14. The corrosion region and the depth of slag penetration are
observed by the SEM micrograph and EDX-mapping at castable-
slag interface, as shown in Fig. 15 s-0 sample exhibits a clear
corrosion region in the interface of castable-slag. The presence of
Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash deri
replacement of hydraulic binder, Journal of Alloys and Compounds, https
fused phases at high temperature have been reacted more poten-
tiallywith the slagmelt and permitted to the slag penetration in the
castable. The liquid phases are unable to build the barrier for slag
penetration. Therefore, different ions from slag easily transfer into
castable. EDX-mapping image for s-0 (Fig. 15) shows the Ca ion
migration from the slag to castable. It is clearly observed that the
ion concentration of Ca in the corrosion region is higher than non-
corrosive region in the castable. The slag penetration depth of s-
0 sample is around 150 mmafter 30 h of heat-treatment. Oppositely,
s-3 shows a superior corrosion resistance behavior due to highly
dense microstructure (Fig. 8) and phase purity (Fig. 7). The absent
of any low melting phases like free silica helps to enhance the slag
corrosion resistance. Additionally, the formation of in-situ mullite
phase (~17.75wt% theoretically) in the system retains the ortho-
rhombic crystal structure, which has oxygen vacancies and it is
capable to arrest many cations like Mg, Ti, Fe, etc [39]. The devel-
oped in-situ mullite therefore, adsorbs many cations from the slag
melt and changes the viscosity and composition of the slag. It is
resulted in the further reduction of slag penetration [39]. Therefore,
s-3 specimen shows the low density of Ca ion concentration
(Fig. 15) in the castable and the depth of penetration is around
~65 mm.

The comparable studies on the different properties of waste
RHA derived sol bonded castable (s-3) with convention silica
bonded systems are shown in Table 5. Though, the composition of
refractory aggregates, different additives and particle size distri-
bution are not same with this study. It can be observed that eval-
uated properties of s-3 sample are suitable according to the other
sources of silica bonded castables. Thus, waste RHA derived sol has
been a great potential as a sustainable source of silica sol for
replacing the conventional silica sources in cement free unshaped
refractory.

4. Conclusions

Stable silica sol is prepared from waste RHA through alkali
extraction route. The sol is contained 30wt% of nano amorphous
silica with average particle size 22 nm and estimated cost of per
litre sol is around 9.35 $. No cement high alumina refractory cast-
able specimens are prepared by the replacing of calcium alumina
cement through the RHA derived sol. Densification, cold and hot
strength, and corrosion resistance of the castable specimens are
improved with the incorporation of sol. Sol containing nano silica is
reacted with different alumina sources in the castable and started
formation of in-situ mullite at above 1200 �C. 5wt% (s-3) silica
containing 1550 �C sintered sample shows good physico-
ved sol: A potential binder in high alumina refractory castables as a
://doi.org/10.1016/j.jallcom.2019.152806



Fig. 14. Schematic representation of static corrosion test.

Fig. 15. SEM photomicrographs and EDX-mapping analysis of the castable-slag interface after BFS corrosion test.

Table 5
Physico-mechanical properties of waste RHA derived sol bonded castable against other source of silica sol bonded castables.

Properties Our study (s-3) Colloidal silica [1] Silica sol [44] Colloidal silica [8]

Firing temperature (�C) 1550 1600 1650 1400
Bulk density (gm/cc) 2.91 3.05 3.17 e

Strength after fired (MPa) 88 (CCS), 64 (CMoR) 110 (CCS) 27 (CMoR) 32 (CMoR)
HMoR at 1400 �C (MPa) 14 9 e 10
TSR after 8th cycle (MPa) 53 64 e e

SK.S. Hossain, P.K. Roy / Journal of Alloys and Compounds xxx (xxxx) xxx 11

Please cite this article as: S.S. Hossain, P.K. Roy, Waste rice husk ash derived sol: A potential binder in high alumina refractory castables as a
replacement of hydraulic binder, Journal of Alloys and Compounds, https://doi.org/10.1016/j.jallcom.2019.152806



SK.S. Hossain, P.K. Roy / Journal of Alloys and Compounds xxx (xxxx) xxx12
mechanical properties without retaining unreacted free silica. The
evaluated properties of castable are compared with the convention
colloidal silica bonded castable and goodmatching is observed. The
absence of any liquid phase formation (free silica) and superior
properties of waste derived sol containing cement free castable
system is able to be useful for high temperature applications like
steel ladles and blast furnaces lining.
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TEM: Transmission electron microscopy
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SEM: Scanning electron microscopy
DTA-TGA: Differential thermal & thermogravimetric analysis
BD: Bulk density
AP: Apparent porosity
CMoR: Cold modulus of rupture
CCS: Cold compressive strength
HMoR: Hot modulus of rupture
TSR: Thermal shock resistance
C: Corundum
M: Mullite
P: Pores
L:: Liquid
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