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INTRODUCTION rather than a waste [1]. With fly ash’s wide applicability

Cement production is resource, energy and emission
intensive process. To meet cement production demands
natural resources are exploited but the introduction of coal
fly ash in cement manufacturing has decelerated the rate
of raw material consumption. Central Electricity Authority
(CEA) reports 92.41% utilization of coal fly ash in the year
2021-2022 and therefore, fly ash is deemed as resource

and higher consumption rate, the non-renewable fly ash
will soon vanish with the extinction of coal reserves. To
cater this issue, biomass ash (BMA) is a good and prom-
ising alternative to coal fly ash. The ash generated after the
combustion of biomass fuel is termed as biomass ash. Flow
chart in Figure 1 depicts the production and utilization of
biomass ash.
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Figure 1. Flow chart showing production and utilization of renewable ash from biomass fuel.
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Biomass is a promising alternative source of fuel for
energy production. It is considered as carbon neutral energy
source since the CO, emitted during the combustion of bio-
mass is equivalent to the CO, absorbed during the plant
growth [2-4]. A fully biomass based energy generation can
reduce CO, up to 96%, provided substantial quantities are
available throughout the year [5]. Utilization of biomass as a
fuel source somewhat relieves burden of CO, emissions but
increases ash disposal concern. The extent of ash produced
globally by various biomass fuels [6-24] are shown in Table
1. The problem of ash disposal could be very well addressed
by the construction industry [25]. This BMA contains reac-
tive silicates [26], aluminates [27], alumino-silicates etc.
which undergoes reaction with portlandite to form supple-
mentary calcium silicate hydrate (C-S-H) [28] or calcium
alumino-silicate hydrate (C-A-S-H) or both. These supple-
mentary products formed reinforces interfacial transition
zone enhancing the physico-mechanical behavior of con-
crete. Table 2 compares various properties of fly ash [29-36]
and BMA [37-41].

In process of growth, crops like sugarcane [42], rice
[43], wheat [42] etc. imbibe orthosilicic acid from soil and
store it in plant cellular structure in amorphous form [44].
These discarded crop residues are utilized as energy source
in industries where they undergo controlled calcination
for heat generation or burnt in open fire (uncontrolled
calcination) on agricultural fields. The ash resulting from
controlled and uncontrolled calcination possess distinct
characteristics. Uncontrolled calcination of biomass yields
ash with greater carbon content, loss on ignition and crys-
talline phases[45]. This is due to inefficient oxygen supply
which cause uneven local temperature along with incom-
plete combustion and results in inferior pozzolanic charac-
teristics [46]. Therefore, the optimum pozzolanic behavior
of ash is governed by the precise control over every calcina-
tion parameter. Any deviation in the parameters above or
below the optimal control, either increases the crystallinity
[47] or carbon content inside the ash. Table 3 demonstrate

the effect of parameters [48-51] of calcination on quality of
ashes [45,52-54].

Therefore, article intended to review the influential
parameters of calcination that results in ash with high poz-
zolanic activity. It is already known that, thermal treatment
temperature affects the properties of BMA, but there are
some other parameters which are equally important for
improving the pozzolanic activity in BMA. The combined
effect of underexplored parameters with their optimal con-
trol during the process of thermal treatment along with
temperature of thermal treatment needs to be reviewed for
enhancing the pozzolanic efficiency of BMA. For finding
the optimum combined effect of all these thermal treat-
ment parameters, various properties of BMA and hardened
properties of cement based matrix incorporating BMA
were studied in the present review article.

Process of Biomass Combustion

Before understanding the importance of calcination
parameters, it is necessary to review the calcination process
which helps in determining the impact of parameters on
the generated ash. Almost all biomass contains hemicel-
lulose, cellulose and lignin in variable proportions. These
organic compounds are composed of carbon, oxygen and
hydrogen [55]. When biomass is subjected to calcination,
thermal decomposition takes place in the following steps,
a) heating b) drying ¢) de-volatilization to produce gases
and tar d) combustion of volatile matter ) combustion of
charcoal (char) [56]. When this biomass is subjected to a
cycle of elevating temperature (calcination), these organic
contents at first undergoes heating and subsequent drying
(130-150°C) and starts de-volatilization producing gases
oxygen, carbon-di-oxide, methane and carbon-mono-ox-
ide (O,, CO,, CH, and CO) [57] and tar in a temperature
range of 130-380°C [58]. Tar is composition of more than
100 compounds [59]. The combustion of volatile matter
and carbon occurs simultaneously but removal of carbon
occurs at higher temperature and consumes a longer dura-
tion. The volume of volatile matter in biomass fuel (BMF)

Table 1. Global annual production of biomass and ash from distinct sources

Sr. Crop Residue as fuel Crop/product production Biomass production  Ash production  References
No. source (million ton) (million ton) (million ton)
Sugarcane  Bagasse 1900 494 12.6 [6,7]

2 Rice Husk 518 145.04 29 [8-11]
Straw 777 116.55

3 Wheat Husk 772 154.4 21.5 [12-15]
Straw 1080.8 72.4

4 Maize Corn cob 1070 203.3 4.67 [16-18]

5 Palm Tree Shell, fibre, fruit bunch  72.27 650.43 26 [19,20]

6 Coconut Shell 62.46 9.369 0.17 [21,22]

7 Groundnut  Shell 43.98 17.59 0.44 [23,24]
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Table 2. Comparison between coal fly ash and BMA

Description Biomass Ash Coal Fly Ash
Source The major sources of biomass are agricultural There are four different ranks of coal which produces
residue, municipal solid waste, wood and dried fly ash after combustion. They are Anthracite,
cattle waste [37]. Bituminous, Subbituminous and Lignite [29].
The ash resulting from biomass might be high as  The ash resulting from high impurity coal may be as
43.3% for a particular source but on an average, high as 48.4% but on an average, it is 19.8% [30].
it is 6.00% [38].
Chemical The chemical composition of biomass ash Two different fly ash evolve from the combustion of
Characteristics depends on the type of biomass. coal, i.e. class C and Class F. Class C fly ash contain
However, ash from woods and agricultural waste =~ CaO greater than 10%, whereas Class F fly ash
contain silica (SiO,: upto 94.48%) and calcium possesses CaQ less than 10%.
oxide (CaO: upto 83.16%) in high quantitiesand  The other major mineral oxide which is found
alumina (ALOj: upto 15.12%), and iron oxide inside Class C & F fly ash are silica (SiO,: 20-80%)
(Fe,0O5: upto 9.54%) in less quantities. and alumina (AL, O5: 1-55%) and iron oxide (Fe,O5:
The alkali oxides which are considered as 1-44.7%).
impurities in cement-based products are present ~ The ash also contains alkali (Na,0 & K,0) in
in very high proportions in some of the BMA.It  quantities varying from 0.0 to 7.3% [31].
is observed that, Na,O and K,0 in BMA could The loss on ignition for coal fly ash ranges between 0.0
be as high as 29.82% and 53.38% [37]. ~32.8% [32].
Physical The fineness of BMA can be as high as 700 m?/ The fineness and specific gravity of coal fly ash vary
Characteristics kg [39] and specific gravity ranges between 1.82 between 231.5 - 523.9 m?/kg and 1.94 - 2.72 [32].
- 2.46 [37]. The particle size and loose bulk density of coal ranges
The particle size and loos bulk density of BMA between 1 - 100 um and 540 - 860 kg/m? [33].
varies between 0 - 10 mm [37] and 430 - 960 Coal fly ash particles are spherical in shape and exhibit
kg/m?* [40]. a porous/non-porous nature [34,35].
The particles of almost all the BMA are irregular
in shape and their particles possess inherent
porosity [26,41].
Environmental Biomass is a carbon neutral fuel source. Coal is a fossil fuel and therefore it has a high carbon
Impact BMA resulting from the power plants and footprint which contributes significantly to the GSG

other industries is landfilled. The ash generally
does not possess very hazardous elements and
therefore can be used in fertilizers etc [38].

emission.

The coal fly ash is generally landfilled and its leaching
causes hazardous elements like Arsenic, Boron,
Chromium, Cadmium, Lead and Mercury pollutes the
surrounding soil [36].

Table 3. The effect of parameters of calcination on quality of ashes

Type of Uncontrolled Controlled
Calcination
Features Control Over No Control Control Below Optimum Control Control Above
of Biomass Calcination Optimum Optimum
Calcination Parameters
Properties Carbon Content in High High Very low Very low
in Ash Ash [48] [49] (50] (51]
Nature and Crystalline and Less Amorphousand ~ Amorphous and Highly Crystalline and Less
Reactivity in Reactive Less Reactive Reactive Reactive
Ash [45] [52] [53] [54]
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can be as high as 85 % [60] and combustion consumes
around 40-50 % of the total burnout time which occurs at
higher combustion rate than char. Whereas combustion
of char depends on temperature, residence time, contami-
nants producing inhibiting and catalytic effect, oxygen con-
centration and surface area of fuel particle [61].

Generally, the thermal decomposition of hemicellulose
(150-350°C) and cellulose (275-350°C) occurs at a lower
temperature but decomposition of lignin occurs in wide
temperature range (275-500°C) [62]. Thus, these organic
compounds experience thermal disintegration at a tem-
perature below 500°C and decomposes into tar and char
(forms of carbon). Further increase in temperature, the
carbon undergoes oxidation at a faster rate, rather at tem-
perature below 500°C where volatilization is faster [63]. For
decomposition of char, oxygen present in the environment
is transferred onto the particle surface where it diffuses
into the porosity of char. The chemisorption of oxygen on
the active sites causes decomposition and releases CO. CO
chemically combines with O, from the gaseous boundary
layer and releases CO,. The oxidation of carbon occurs con-
tinuously as more and more reactive sites are exposed [64].
Also, it was reported that the molecules of H,O and CO,
dissociates into their free radicals which are absorbed by
the active sites and tends to oxidize carbon [65]. However,
following chemical reactions are proposed by [66] for oxi-
dation of carbon particles.

C+ %02 - CO (1)
CO+ 20, - CO, 2)
CO, +C —» 2CO (3)
C+ 0, » CO, (4)
H,0+C — CO + H, (5)
CO+ H,0 - CO, + H, (6)

Important Parameters for Controlled Calcination
Temperature, retention time, heating rate, cooling
method and combustion technology are the parameters
that affects carbon removal efficiency, crystal structure and
colour of ash in calcination. These parameters cannot be
regulated in uncontrolled calcination. A control over these
parameters modulates the decomposition of volatile mat-
ter and char in biomass [67]. Therefore, a discussion about
these parameters is elucidated in succeeding sections.

Calcination temperature

Calcination temperature is the primary factor that
induce good pozzolanic activity in ash for utilizing as a
supplementary cementitious material (SCM) in concrete.
Results on BMA characteristics are available from tempera-
ture range of 300°C to 1000°C. A temperature over 500°C
mostly yields amorphous ash with low carbon content
whereas temperature below 500°C results in amorphous
ash but with high carbon percentage [60]. The two main
phases that govern carbon decomposition are (a) oxygen
diffusion rate (b) chemical reaction rate. Oxygen diffu-
sion rate is responsible for amount of carbon decomposi-
tion whereas chemical reaction rate determines the pace of
carbon decomposition. Combustion at lower temperatures
(400 - 750°C), oxygen diffusion rate is greater than chemi-
cal reaction rate. In the mid order temperature range (750
- 900°C), the oxygen diffusion and chemical reaction rate
are almost similar whereas in high temperature range (900
- 1100°C), the chemical reaction rate overrides oxygen dif-
fusion rate [68,69].

Most researchers have utilized low to moderate tem-
perature zone for effective biomass combustion. These two
zones have constantly been reported to produce amorphous
silica. Crystallization of silica mainly occurs when tempera-
tures exceed beyond 700°C. The impurities present in bio-
mass interact with amorphous silica at high temperatures
and transforms it into crystalline phases [70]. According
to Ibrahim and Helmy, the phase transformation of ash
begins at 725°C and at a temperature around 800°C the
ash is readily transformed into Crystobalite. Calcination
at lower temperature results in amorphous (disordered)
Cryatobalite in ash. The temperature increase causes nucle-
ation of silica, which occurs simultaneously with crystal-
lite growth. Nucleation of silica particle was predominant
in temperature range of 800-900°C while crystallite growth
and perfection was favoured within 1000-1100°C [49]. In
another experimentation conducted by Hanafi et.al. on
rice husk ash for the study of surface characteristic stated
an increase in surface area and total pore volume due to
destruction of silanol (destruction of bond between Si and
OH) group in a temperature range of 500-600°C. But a fur-
ther increase of temperature beyond 600°C upto 1000°C
reduced the surface area, total pore volume and increased
crystallite size. A drastic reduction in surface area, total
pore volume and increase in particle size was more pro-
nounced at 1000°C while till 900°C temperature ash also
contained amorphous phases which was evident from the
X-Ray diffraction (XRD) pattern. At 1000°C temperature,
disordered Crystobalite had transformed into crystalline
state which was marked by decrease in surface area, total
pore volume and increased particle size. These results were
found consistent with Ibrahim and Helmy. Further increase
of temperature to 1100°C increased surface area and total
pore volume, and declined particle size due to formation
of disordered Tridymite phases. The escalation of tempera-
ture further till 1400°C declined the surface area and total



Sigma J Eng Nat Sci, Vol. 44, No. 1, pp. 680-697, February, 2026

685

Ammphous

Silica

+Subjected to
600°C

*Subjected to
800°C
Crystobalite  ° Su}f{%ﬁﬁgg to

Figure 2. Phase transformation of silica in biomass.

pore volume [71]. Similar results were obtained by Hamad
and Khattab where they confirmed that crystallization
of Crystobalite occurred at 800°C while phase transfor-
mation of Crystobalite to Tridymite initiated at 1150 °C.
Amorphous Crystobalite phases were present below 600°C.
[72]. The structural transformation of silica extrapolated
from review is shown in Figure 2. Therefore, treatment of
biomass in low temperature region will possibly retain the
amorphous nature of ash.

However the transformation of silica varies from one
biomass to other biomass type. This is generally due to the
varying chemical composition of different BMA. In rice
husk ash (RHA) silica (SiO,) is present in major quantities
whereas other oxides and impurities are present in minor
amount. The impurities play a pivital role in the phase
transformation of silica at higher temperature [49]. In
another type of BMA like wood ash, where silica is pres-
ent in lower amounts and calcium oxide in higher amount,
the possibility of silica phase transformations is lower. The
calcium oxide along with other mineral oxide have a ten-
dency to fuse with silica and form a multiple element oxide
compound [73].

Retention time

The second most critical factor concerning the calcina-
tion of biomass is retention time. When biomass is subjected
to a specified temperature control it has to be retained inside
the calcination chamber for the completion of undergoing
chemical processes. The chemical process includes reduction
of organic matter (into gases, tar and char) and oxidation
of carbonaceous matter. The state of completeness of these
reactions can be identified from the ashes. These chemical
reactions for its completion require a specified amount of
time which is known as retention / residence / holding time.
When the biomass is exposed to shorter retention time these
reactions are incomplete rendering unwanted characteristic
in ashes but when sustained at optimum retention time yields

ash with best pozzolanic activity. When the temperature is
maintained between 400-600°C for a residence time of 3-6
hours it yields ash with low carbon content and crystallinity
[74,75]. The primary necessity of retention time is removal of
carbon. From the studies conducted so far on the calcination
of biomass it can be stated that the temperature and reten-
tion time are inversely related to each other. Siddique makes
an affirmation to this inverse relationship stating that amor-
phous silica ash could be produced with a prolong retention
time if the temperature is maintained below 500°C. If the
temperature is raised to 900°C and 1000°C the ashes are still
amorphous but for a residence time of less than 1 hour and
5 minutes respectively [76]. An experimental investigation
was conducted by Vayghan et.al to study the effect of reten-
tion time on physic-chemical properties of rice husk ash. The
experimentation was conducted at 700°C with retention time
0f0.25, 1, 4, 8, 16, and 32 hours. With a longer retention time
of even 32 hours the ash still remained amorphous which
was evident from the X-Ray diffraction pattern [77].

Rate of heating

From the aspect of carbon removal, heating rate is a
very crucial parameter. The impurities present inside the
biomass do not allow easy oxidation of carbon instead
forms an agglomerate with silica which leads to high per-
centage of carbon quantity and reduced surface area. In
most of the research, the authors have used variable heating
rate values ranging from 1°C/min to 10°C/min. The most
commonly deployed heating rate was 10°C/min [78]. Rice
husks when heated at a rapid rate do not allow the oxidation
of carbon as desired mainly due to two probable reasons.
Firstly, at higher heating rates the desired temperature is
achieved very fast. Though the oxidation of carbon starts at
350°C but have a tendency to oxidize slowly and results into
greater amount of carbon in ash [60]. Secondly, the inter-
vention of impurities (K,0) during calcination produces
ash with greater carbon content [79]. Chandrasekhar et.al
explored the effect of heating rate on the pozzolanic reac-
tivity of rice husk ash. The heating rates were 1,2, 3, 5,7 and
10°C/min and the temperature was maintained at 700°C.
With increase in heating rates the lime reactivity test dis-
played lower reactivity values due to conversion of amor-
phous silica into crystalline phase. Rapid heating resulted
in ash with blackish appearance due to fixed carbon [80].

Cooling Method

The cooling method governs the phase transformation
(amorphous to crystalline) inside the ash. After subjecting
the biomass to optimum temperature and residence time
might not yield BMA with complete amorphous phases as a
result of applied cooling method. Generally, rapid and slow
cooling techniques are followed. For rapid cooling the ash
is quenched rapidly in air or water whereas for slow cooling
the ash remains inside the heated furnace till it attains the
room temperature (oven cooling) [81,82]. A better pozzola-
nic behavior is observed when ash is rapid cooled than slow
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cooling [83]. In an experimentation carried out by Vayghan
et.al. [84], the effect of cooling method was studied after
retaining the ash at 700°C temperature and residence time
(15 min, 1, 2, 4, 16 hrs). It was deduced that, if the ash is
rapidly cooled from its combustion temperature to room
temperature, no crystalline phases are formed even after
exposing ash till a retention time of 32 hours and with a
high amount of K,O. It was also stated that, prior to calci-
nation if the rice husks are acid leached, K,O is discarded,
thus preventing crystallization of amorphous silica in slow
cooling regime [84]. Study conducted by Nair et.al. demon-
strated that, pozzolanic activity of rapidly cooled samples
was more than slowly cooled ash. Also, the size of particle
in quick cooling is lesser than slow cooling. This was indic-
ative of the condensation reaction that took place in slow
cooling regime of ash which rendered it as less reactive due
to decreased particle surface area [85].

Technology of Calcination

The characteristics of BMA is governed by biomass
combustion technology at the industries. Moving grate
firing system (MGES), fluidized bed combustor (FBC)
and suspension burner system (SBS) [86] are the recog-
nized technologies used for fuel combustion. Such tech-
nologies are potentially utilized in paper industries [87],
biomass-based power plants, sugar industries and co-gen-
eration plants [88], distilleries, chemical industries etc.
The most rudimentary and often utilized system for firing
industrial boilers is MGFS. Lower installation, operational
and maintenance cost attracts industrialists with MGFS
[89]. On the contrary MGFS is usually designated as high
carbon in ash, low efficiency and high emission technology

[89]. The inefficient combustion of biomass is due to lower
residence time than required for complete combustion of
char in biomass. This not only results in greater extent of
unburnt carbon but also gives away high emissions [90].
FBC is considered as a mature technology due to its flex-
ibility, very high efficiency of fuel combustion and lower
environmental impact [91]. This system offers a very high
combustion efficiency between 97-98.4% which results in
ash with low carbon content [92]. When any biomass is
introduced in FBC high heat and mass transfer property of
fluidized sand bed allows quick energy transformation at
nearly constant temperature condition. The high reaction
surface area available inside FBC results in high combustion
efficiency and lower operating temperature than MGFS.
Moreover, the excess air supplied tends to retain fuel parti-
cles in combustor for sufficient residence time which bring
about complete oxidation of carbon. Contrary to FBC, the
non-uniform air fuel ratio give rise to high unburnt carbon
in ash and thus affecting combustion efficiency [93]. SBS is
also said to produce good quality of ash but its sensitivity
towards varying fuel composition significantly affects its
performance. Every time the fuel inside should be finely
pulverized [89].

Effect of Calcination Parameters on Chemical
Composition of BMA

Biomass when subjected to calcination, it undergoes
decomposition. A variation in these parameters alter the
chemical composition. Table 4 shows the chemical compo-
sition of BMA with different parameters of calcination. The
results of chemical composition are taken from the X-ray

fluorescence (XRF) data available in research articles.

Table 4. XRF results of various BMA with different parameters of calcination

T°C RTHrs HR°C/min CM Chemical contents

Si0, ALO; Fe,0;, CaO MgO SO; K,0 NaO LOI Ref.
Rice Husk Ash
300 3 10 Slow 35 1.87 1.56 11.2 291 8.96 21.9 1.66 - [52]
9 48 1.57 1.55 9.28 2.52 8.35 19.35  1.39
500 2 8 - 89.89 0.11 0.28 1.05 0.13 0.4 2.92 - - [74]
2 10 - 91.56 0.19 0.17 1.07  0.65 0.47 3.76 0.16 - [75]
3 10 Slow 66.45 3.68 0.85 336 1.6 0.54 5.68 2.2 - [52]
6 5 - 92 0.25 0.14 0.81 1.05 0.96 3.44 - 3.62 [76]
7 10 Slow 73.05 1.16 1.18 3.5 1.45 0.47 5.67 2.74 - [52]
600 1 5 - 92.09 0.1 0.07 0.97 0.53 0.55 4.04 0.11 1.52 [77]
2 93 0.1 0.07 0.92 045 - 3.62 0.46 1.48
2 20 - 81.4 0.26 0.93 242 1.02 1.47 6.79 0.18 3.13 [78]
3 10 - 90 0.68 0.42 1.23 035 - 2.8 0.32 - [79]
6 - Slow 88.84 0.8 0.39 1.78 0.92 0.35 2.8 1.1 2.02 [80]
650 1 3.33 - 87.32 0.22 0.28 0.48 0.28 1.02 3.14 1.02 2.10 [48]
- 2 Slow 92 0.31 0.38 0.97 047 - 3.87 0.2 0.76 [50]
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Table 4. XRF results of various BMA with different parameters of calcination (continued)

T°C RTHrs HR°C/min CM Chemical contents
SiO, ALO; Fe,0, CaO MgO SO; K,0 Na,0 LOI Ref.

Rice Husk Ash

700 1 3 - 89.03 2.23 0.66 096 0.38 - 2.34 2.59 0.7 [81]
1 10 Rapid  88.07  1.35 0.22 1.04 074 049  2.02 1.15 2,61  [82]
2 - Slow 84.95 0.45 0.32 084 04 - 0.21 0.5 9.81 [83]
3 10 Slow 88.00  0.38 0.41 2.1 0.52 1.98 435 032 - [52]
4 10 Rapid 9491 0.05 0.25 098 0.44 - 1.67 0.07 1.28  [84]
5 10 Slow 94.63 0.18 0.19 1.05 0.18 0.62 2.18 0.15 - [52]
6 5 - 91.15 041 0.21 041 045 0.62 625  0.05 045  [85]
6 10 Slow 93 0.2 0.13 049 0.73 0.15 1.3 0.02 3.98  [54]
8 10 Rapid 9522  0.09 0.19 1.16  0.39 - 0.14  0.03 0.8 [84]
16 10 Rapid 95.1 0.05 0.11 0.1 0.41 - 1.66 0.05 0.92

800 - - Slow 89.5 0.4 2.86 0.3 0.25 - - - 4.0 [86]

Rapid 84 1.39 2.1 0.6 0.85 - - - 5.85

900 3 10 Slow 92 0.23 0.21 1.39  0.36 1.42 2.99 0.2 - [52]
4 5 Slow 98.19 0.19 0.02 0.18 - - 1.04 - 0.5 [87]
6 5 - 92.0 0.37 - 1.05 0.95 1.06 3.2 - 029 [76]

Sugarcane Bagasse Ash

550 2 10 Slow 58.37 7.24 4.04 3.07  3.02 - 8.20 0.05 25.1 [88]
3 10 Slow 64.00  7.46 3.50 246 315 - 7.71 0.04 18.5

600 2 10 Slow 64.14 6.82 5.12 1.78 1.75 - 6.32 0.22 5.83
3 10 Slow 69.79 9.86 3.02 192 1.78 - 5.57 0.05 5.61
3 10 - 69.6 15.7 5.7 1.3 - 1.5 2.2 - 2.1 [89]

650 2 10 Slow 64 8.16 5.04 1.08  1.90 - 6.55 0.25 3.90 [88]
3 10 Slow 72.5 10.63  4.04 1.14  1.34 - 356  0.08 3.57

700 2 10 Slow 63.86 9.5 4.96 1.81 2.04 - 6.78 0.27 3.22
3 10 Slow 7422 9.87 4.13 .72 0.96 - 2.7 0.03 2.46

750 2 10 Slow 66.32 12.97 5.27 1.35 1.6 - 4.7 0.36 3.12
3 10 Slow 75.91 10.49 2.99 0.84 131 - 33 0.07 3.13

Wheat Straw Ash

550 4 - - 625  9.08 1.67 590 - 1.66  17.05 - - [90]
8 - - 60.07  6.98 1.45 847 - 1.67 1587 - -

800 0.5 - - 55.5 1124 279 740 - 1.84 2243 - -

Corn Cob Ash

350 3.75 - - 10 1 2.3 42 10 - 575 - - [91]

400  3.75 - - 10.7 1.5 2.5 44 101 - 57 - -

450  3.75 - - 12.4 1.7 2.7 5 9 - 56 - -

500  3.75 - - 14 1.9 2.8 7 9.5 - 525 - -

550  3.75 - - 15.1 1.9 2.9 6.9 9 - 52 - -

600  3.75 - - 183 27 3.12 8 102 - 472 - -
4 - - 6391  4.01 3.95 413 291 0.88 1212 - - [92]

650 3.75 - - 20.2 3.1 3.7 10 8.4 - 45.4 - - [91]
5 - - 59.66 4.92 - 1.86 1.68 - 1548 0.34 - [93]
8 - - 66.38 7.48 4.44 11.5  2.06 1.07 492 0.41 - [94]

700 3.75 - - 20 2.9 3.5 11 8.2 - 45.3 - - [91]

Where, T = Temperature, RT = Retention time, HR = Heating rate and CM = Cooling method
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The variation in chemical composition could be
observed in terms SiO,, impurities and loss on ignition
(LOI). The criteria of SCM defined by IS 3812-1: 2003 and
ASTM C-618 states that the summation of oxides (SiO, +
Al,O; + Fe,0;) should be greater than 70% [95,96]. It is
observed that biomass calcined at temperature below 500°C
could not qualify the SCM criteria defined by the standards.
Moreover, impurity content in ash was very high. But with
increasing temperature, the impurities started to decline
which resulted in an increase in silica and alumina content.
A similar scenario of increase in silica and alumina con-
tent was observed with increase in retention time. From the
table it is also observed that, not all the ashes were able to
qualify the criteria of SCM mentioned in IS 3812-1: 2003
and ASTM C-618. This is due to the presence of impurities.
The impurities like K,O were present in very high quanti-
ties (57.5%), and such ashes could adversely affect the prop-
erties of cement based matrix. At temperature greater than
600 °C and retention time greater than 3 hours the loss of
ignition was found within the limits prescribed by IS 3812-
1: 2003 and ASTM C-618. The limits for LOI defined in IS
and ASTM are 5% and 6% respectively.

PROPERTIES OF CONCRETE

Effect of Calcination Parameters

Inclusion of SCM into concrete mixes, the mechani-
cal concrete characteristics are influenced by the quality
of SCM. Uncontrolled calcination of biomass produces
ash with high carbon content and crystalline silica phases.
Incorporation of such ash results into uneven mechanical
characteristics of concrete. This is generally due to incon-
sistency of combustion parameters in open fire. BMA
evolving from controlled combustion leads to predictable
mechanical concrete behavior. A study of calcination fac-
tors affecting the quality of BMA and resulting mechani-
cal behavior of concrete, guides in optimizing calcination
parameters.

The foremost parameter that overrides is calcination
temperature. From section 3.1 it is already clear that mini-
mum temperature for desired ash characteristic should be
greater than 500°C. The effect of inclusion of RHA treated
at different temperature on mechanical properties of con-
crete could be seen from Figure 3. The increase in per-
centage compressive strength from the study of different
researchers was found to be highest within the temperature
region of 500-700°C which could be clearly observed from
Figure 3(a). Its highest percentage increase in compressive
strength was 43.05% at 700°C [84]. Considering peak at
each temperature the trend shows an increase in strength
till 700°C and a sudden downfall thereafter. These authors
have either experimented with a particular temperature or
over a range of temperature. The peak increase in percent-
age compressive strength reported from their investigation
are 10, 21, 20.15, 3.13 and 12% at 300, 500, 600, 800 and

900°C respectively. When temperature reached 1000°C the
increase in compressive strength was -0.4% which indi-
cated that strength was below control concrete strength
[52,74,97,98]. These authors reported similar trend for per-
centage increase in flexural and split tensile strength which
could be noticed from Figure 3(b) and 3(c) respectively.

A review conducted from research of various authors
revealed 700°C as the optimized temperature, therefore it
was decided to observe the effect of retention time and heat-
ing rate at 700°C from available literature. After a compila-
tion of results from different research, it could be deduced
that a retention time of 2-5 hours is sufficient to obtain
good pozzolanicity in ash which probably results in per-
centage increase in strength greater than 20%. This could
be observed from Figure 4. At 500°C, Faried et.al reported
18.8% and 19.4% increase in compressive strength for a
retention time of 3 and 7 hours [52]. Huang et.al. showed
the compressive strength elevated by 9.67% for a retention
time of 2 hours [75]. For a temperature of 600°C and 800°C,
Xu et.al and Khan et.al. recorded increase in compressive
strength by 12.5% and 3.13% for the respective retention
duration of 2 and 5 hours [78,97].

At the considered optimized temperature (700°C)
Figure 5 manifests percentage increase in compressive
strength from the experimentation of different researchers
at various duration of retention for heating rate of 10 and
20°C/min. At temperature of 500°C and a heating rate of
1.67, 8 and 10°C/min Khalaf and Yousif, Muthukrishnan
et.al and Huang et.al displayed a percentage increase in
compressive strength as 19.6, 21 and 9.67% respectively
[74,75,100]. Khan et.al and Xu et.al conducted investiga-
tion at 800 and 600°C where they found the percentage
increase in compressive strength as 3.13 and 12.85% with a
respective heating rate of 3.33 and 20°C/min [78,97]. Khan
et.al calcined rice husk at 800°C where rapid cooling was
carried out at temperature of 21+1°C and for slow cooling
the sample was retained in furnace. The pozzolanicity test
conducted revealed a superior reactivity of rapidly cooled
ash with 28 days compressive strength as 21.10MPa [86].

Effect of Varying BMA Content

Vayghan et.al. obtained optimally calcined dry acid
leached RHA at 700 °C temperature an 8 hours of retention
time. 0, 5, 10 and 15% RHA were the different proportions
of RHA used to replace cement in the mortar matrix. The
results showed that mortar with 10% RHA had the highest
compressive strength [84]. Huang et.al. substituted RHA
with cement at 0, 5, 10, 15, 20, 25 and 30%. The ash was
treated at 500 °C temperature, 2 hours of retention time
with 10 °C/ min heating rate for developing ultra-high per-
formance concrete (UHPC). The compressive strength of
UHPC at 28 days achieved was 136.6 MPa with 25% RHA
[75]. Faried et.al. calcined rice husk at four different tem-
peratures and retention time with a heating rate of 10 °C/
min. Temperature of 700 °C with 5 hours of retention time
were the optimum calcination parameter. RHA replaced
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cement by 0, 1, 3 and 5% for making UHPC. The high-
est strength achieved was above 140 MPa at 3% cement
replacement [52]. Amin et al. used thermally treated RHA
at 700 °C it for developing concrete in three different cement
replacement percentage (10, 15 and 20%). The maximum
strength at 28 days was achieved for 10% concrete mix [99].

Raisi et. al. obtained RHA at 700 °C temperature, 1 hour
retention time and 10 °C/ min heating rate. Five different
proportions of RHA (0, 5, 10, 15 and 20%) were used to
replace cement in self-compacting concrete (SCC) mixes.
The highest compressive strength achieved was 57.7 MPa
at 5% cement replacement [82]. As per Khalaf and Yousif
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the optimum temperature and retention time of thermal
treatment was 500 °C and 2 hours. The ash prepared with
these optimum treatment parameters was used in mortar
replacing cement by 0, 10, 20, 30, 40 and 50%. Mortar with
10% cement replacement yielded the highest compressive
strength [100].

Synergistic Effect of Biomass Ash with Different Fibers
Hamzeh etal. studied the combined effect of RHA
treated thermally at 700 °C with three different derived
fibers. The fibers were derived from virgin kraft pulp (VKP),
fiberboard (FFB) and old corrugated containers (OCC).
The cement paste cubes were used to observe the effect of
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RHA and fibers. The proportion of fibers to cement was
constant (25: 75) and different proportions of RHA were 0,
25 and 50% by weight of fibers. The cubes attained high-
est compressive strength with OCC fibers with 25% RHA
replacement [101]. Hesami et.al. burned rice husks in an
open fire for 2 hours and then and used a special furnace to
decompose the carbon in RHA. Seven different percentage
of RHA (0, 2, 4, 6, 8, 10 and 12% by cement weight) along
with three distinct fiber types were used to develop pervi-
ous concrete for pavement. Glass, steel and polyphenylene
(PP) fibers with a corresponding volume percentage of
0.2, 0.5 and 0.3% to the volume of concrete were used in
the investigation. It was observed that the performance of
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Figure 5. RHA treated at various heating rate and its effect on percentage compressive strength at considered optimized
temperature and over a range of retention time [52,84,98]. [created by author]
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fiber concrete with RHA was greater than control. The best
mechanical performance of pervious concrete was shown
by PP fibers at RHA percentage of 8% [102]. Memon et.al.
investigated the significance of thermally treated RHA
along with polypropylene (PPY) fiber on various proper-
ties of concrete. The procured RHA was thermally treated
at 700°C for one hour in an electric furnace and substituted
cement by weight percentage of 0, 5, 10, 15 and 20%. PPY
fibers were added to concrete in four different percentages
(0,0.2,0.25, and 0.3). The mechanical performance of con-
crete with 10% RHA and 0.25% PPY fibers was superior
than control and other mixes [103].

Koushkbaghi et.al. developed steel fiber reinforced
concrete with RHA as SCM and recycled coarse aggregates
(RCA). Rice husk pellets were calcined in an electric fur-
nace between 500 - 700°C, for 6 hours with a heating rate
of 5 °C/ min for obtaining RHA. The 20% RHA and 1.5%
steel fibers were added to the concrete. RCA replaced nat-
ural coarse aggregate by 0, 50% and 100%. The increasing
percentage of RCA lowered the mechanical performance of
concrete, whereas adding 20% RHA and 1.5% steel fibers
increased the mechanical performance of concrete when
compared with control concrete. The mechanical perfor-
mance of concrete with 20% RHA (no steel fibers) was
greater than 1.5% steel fibers (no RHA) [104]. Sobuz et.al.
developed self-compacting concrete (SCC) with RHA and
fibers derived from waste galvanized copper wire. SCC
included 2% RHA and 0, 0.25, 0.5 and 1.0% fibers. The
results manifested that the mechanical performance of con-
trol concrete was better than SCC with inclusion of RHA
and fibers. The compressive strength of SCC with 2% RHA
and 0.25, 0.5 and 1.0% fibers was 17.99, 18.09 and 19.7 MPa
whereas for control (0% RHA and 0 % fibers) SCC it was
22.62 MPa [105]. Silva and Naveen carried out investigation
on combined effect of RHA and coconut coir (CC) fibers in
cement mortar. The RHA from brick kiln was used to sub-
stitute cement from 0 - 20% with a replacement interval of
5% and 0, 0.125, 0.25, 0.5 and 0.75% were the various per-
centage of CC fibers addition to the mortar. The addition
of CC fibers increased the flexural strength but reduced the
compressive strength [106].

RESULTS AND DISCUSSION

Limiting the utilization of cement in construction
industry, SCM plays an active role. Sources of SCM are
numerous but those evolving from biomass will have an
impact on the future. Presently, 81% of the global energy
needs are fulfilled by fossil fuels whereas 19% is contrib-
uted by renewable energy sources [107]. The agricultural
biomass designated as carbon neutral possess a major
drawback, posing a problem of ash disposal. The ash on
an average account for 20% of the biomass waste on a dry
basis. This ash is a potential resource for the construction
industry as SCM if properly calcinated. The major parame-
ters that influence the characteristic of ash are temperature,

retention time, heating rate, cooling method and combus-
tion technology. These parameters significantly alter the
morphology, physical and chemical aspects of resulting ash.

Calcination Parameters

The first and foremost calcination parameter is tem-
perature. A control over temperature modulates the chem-
ical reactions to yield intended quality of ash. But it is not
solely dependent on temperature. Retention of biomass for
a particular time inside combustion chamber at desired
temperature yield fine quality of ash. Whenever the tem-
perature is kept less than 600°C a greater extent of retention
time is required. If retention time is lower, char combus-
tion (oxidation of carbon) remains incomplete. Because at
lower temperatures, oxygen diffusion rate is greater than
rate of chemical reaction. Since the chemical reaction pace
is slower, the complete oxidation of char requires greater
retention period. The diffusion of oxygen to the inside of
char particles favors oxidation from inside resulting into
ash with lower densities. A rise in temperature retards the
oxygen diffusion and increases the chemical reactivity.
Whenever calcination temperature goes beyond 900°C,
retention time required is less than an hour. Due to higher
chemical reactivity, oxygen diffusion to the inside of parti-
cle is not likely to happen. Instead, as oxygen from the bulk
gases reaches particle surface instantly starts oxidizing the
surface carbon thus reducing the particle size. Ashes that
are burnt at higher temperature are likely to have greater
densities than those at lower temperature.

The other factors i.e. heating rate and cooling method
though secondary, play a vital role in enhancing the qual-
ity of ash. A higher heating rate escalates the carbon con-
tent inside the ash due to the presence of K,O impurity.
For higher heating rates, desired temperature is attained
faster which favors early dissociation of K,O into elemen-
tal K* ion. The early released K* ion gets absorbed on the
surface of silica particle and cause surface melting which
traps carbon inside and results in high carbon ash [108]. In
the process of slow heating rate enough time is available for
thermal decomposition of carbon before the dissociation of
K,O into elemental potassium. Since, the formation of ele-
mental potassium takes places at later stages, greater time
span is available for carbon removal. This indicates that a
slow heating rate has a higher efficiency of carbon removal
than higher heating rate.

The rapid cooling method promotes the retention of
amorphous silica phases whereas slow cooling results into
higher percentage of crystallinity inside the ash. In the slow
cooling process, the dissociated K* ion which is already
present inside the ash will cause melting of the particle sur-
face on which it is deposited. This promotes the crystallite
growth of the particle. A rise in the crystallite size increases
the crystallinity and lowers the pozzolanic reactivity inside
the ash. In case of rapidly cooled ashes, the drop in tem-
perature occurs very quickly, which stops the surface melt-
ing of the particle due to deposited elemental potassium.
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This hinders the crystallite growth and results into amor-
phous ash with high pozzolanic activity [109].

Mechanical Properties of Concrete

Effect of calcination parameters

Calcination parameters influence mechanical char-
acteristics of concrete. Various investigation outcomes
revealed 500-700°C as optimum calcination temperature.
Such ash when integrated with concrete yields greatest
mechanical performance. At higher temperature (>700°C),
crystallization of amorphous phases occurs which lowers
mechanical performance of concrete because crystalline
phases do not react to form C-S-H gel. Even high tempera-
tures yields amorphous silica, but at lower retention time.
The mechanical performance of concrete with BMA con-
taining equal quantum of amorphous phases produced at
temperature < 700°C should conceptually be greater than
BMA produced at temperature >700°C. Because tempera-
ture < 700°C favors decarbonization to the inside of par-
ticle which enhances the reactivity due to greater amount
of oxygen diffusion. For a retention time of 2-5 hours in
low temperature region, ash contains minimum carbon
and crystalline phases which yields optimum mechanical
performance of concrete. Heating rate less than 10°C/min
and utilizing rapid cooling regime leads to ash with low car-
bon content and crystalline phases respectively. Concrete
developed incorporating such ash shows greater mechan-
ical performance.

Effect of varying BMA content

Researchers have used different parameters for thermal
treatment of RHA. This has resulted into variable cement
replacement percentage within the cement mortar/concrete
mixes. From the past studies it is observed that, in devel-
opment UHPC and achieving highest compressive strength
Huang et.al. utilized 25% RHA whereas Farid et.al. could
utilize only 3% RHA. Such results are not only observed in
case of UHPC but also for other types of concrete. This vari-
ability in percentage replacement is due to the difference
in thermal treatment parameters and neglecting parameter
like heating rate and cooling method during the process of
treatment. Therefore, it is very crucial to consider and con-
trol all the parameters of thermal treatment within the opti-
mum range. This would ensure a good pozzolanic behavior
of BMA and could bring the percentage consumption of
BMA within a certain range.

Synergistic effect of biomass ash with different fibers
The addition of thermally treated RHA along with dif-
ferent fiber types improves the mechanical performance of
the cement-based matrix. The addition (cement replace-
ment) of RHA (without inclusion of fibers) has greater
improvement on the mechanical performance of cement-
based matrix than the addition of various fiber types
(without inclusion of RHA). RHA induces a performance
increase in the range of 5 — 20%, whereas the fibers increase

the performance between 2 — 8%. The reactive silica present
in RHA interacts with calcium hydroxide present in cement
matrix. Their interaction in the presence of pore solution
produces additional C-S-H gel which enhance the pore
structure within the matrix, especially the interfacial tran-
sition zone (ITZ) and the improved pore structure results
in an increase in strength of hardened matrix. On the other
hand, the addition of different fibers along with RHA in
the cement matrix elevates the strength over and above the
cement + RHA matrix. The random dispersion and inter-
facial bond between the fibers and cement matrix enhances
the strength, toughness, ductility, crack and fatigue resis-
tance of the matrix. It is also seen that, the addition of RHA
and fibers lowers the workability of cement matrix, whereas
the setting time is delayed due to RHA and not because of
fibers.

CONCLUSION
Biomass is one of the most promising fuel sources for

energy generation. Ash evolving out from combustion of
biomass can potentially be utilized in construction indus-
try. But utilization of ash is dependent on chemical, phys-
ical and morphological characteristics. The chemical and
morphological features are greatly influenced by calcina-
tion. Parameters of calcination regulated at optimum level
render ash with maximum reactivity for substitution as sup-
plementary cementitious material in concrete and mortar.

a. Parameters of calcination influencing properties of ash
were reviewed. These parameters govern the phase and
content of carbon in ash.

b. Temperature and retention time can be considered as
primary and heating rate and cooling method as sec-
ondary parameters. Because unless the primary param-
eters are regulated at optimum level till then the effect
of secondary parameters cannot be seen.

c. Temperature of 500-700°C is the optimum range for cal-
cination of biomass, raising temperature beyond 700°C
brings down the quantum of amorphous phases in ash.

d. Within the optimum temperature range, the retention
should be maintained between 2 - 5 hours, heating rate
should be less than 10 °C/ min and the ash should be
cooled rapidly to obtain high pozzolanic activity in ash.

e. A variation of these parameters above and below opti-
mum level affects the mechanical performance of con-
crete because of change in chemical and morphological
characteristics.

f. Fluidized bed combustor is an efficient technology of
biomass fuel combustion compared to moving grate fir-
ing system when the quality of ash is concerned. Even
suspension fired burner are efficient but the problems
associated with fuel quality, demand preprocessing/
preconditioning of fuel, complicated the working and
increase maintenance of system tags it as a low popular
system.

g. Not all the available biomass ashes could be classified
as supplementary cementitious material. Therefore, it is
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very important to check with the criteria of SCM men-
tioned in IS 3812: 2013 and ASTM C618.

h. The attributes of ash and concrete incorporating the
ash is available over a wide range of temperature but
the effect of retention time, heating rate and cooling
method are not available at high temperature values.

i. Though heating rate and cooling method are secondary
parameters but influence characteristic of ash. Effect of
varying heating rate and cooling method at low, opti-
mum and high calcination temperature and retention
time on mechanical properties of concrete is an area
with wide scope of research as per the review.

Practical Application

The biomass ash to be utilized as supplementary
cementing material should satisfy the chemical compo-
sition criteria mentioned IS 3812: 2013. Generally, the
biomass ash such as rice husk ash, sugarcane bagasse
ash, wheat straw ash, bamboo leaf ash etc. contains con-
siderable carbon content which may be detrimental to
the strength, durability and other vital parameters of
cement-based matrix. Moreover, the carbon cover over
the ash particles inhibits the reactivity of ash. Therefore,
thermal treatment of biomass ash is necessary for car-
bon removal. When any of the identified biomass ash
containing substantial amount of carbon is to be used
in construction as cement replacement, it should first
undergo a thermal treatment process with the optimum
control of thermal treatment parameters. The identified
thermal treatment parameters are temperature, retention
time, heating rate and cooling method. The tempera-
ture, retention time and heating rate should be regulated
between 500 — 700 °C, 1 - 3 hours and 1 - 10 °C/minute,
followed by a rapid cooling method to stop the crystallite
growth and conversion of amorphous phases into crystal-
line phases. The practitioners should note that maintain-
ing high treatment temperature (close to 700 °C but not
greater than 700 °C) requires less retention time, whereas
maintaining lower temperature (close to 500 °C but not
less than 500 °C) demands higher retention time within
the stated optimum range. When such ashes are used by
the practitioners in construction industry the cement
substitution can take place between 5 — 40% depend-
ing on the required strength of concrete. The review
reveals that, low grade concrete (required strength < 25
MPa) can substitute cement with biomass ash as high as
30 - 40% whereas in high strength concrete (required
strength > 60 MPa) the cement is replaced between 5 -
10%. The replacement of cement with biomass ash not
only lowers the construction cost but also decelerates
the rate of cement requirement which eventually lowers
the pace of raw material required for cement production.
The decelerated pace of cement requirement will bring
down the carbon emissions, conserve natural resources
thereby promoting sustainability.

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the
findings of this study are available within the article. Raw
data that support the finding of this study are available from
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article.

ETHICS

There are no ethical issues with the publication of this
manuscript.

STATEMENT ON THE USE OF ARTIFICIAL
INTELLIGENCE

Artificial intelligence was not used in the preparation
of the article.

REFERENCES

[1] Central Electricity Authority, Ministry of Power,
Government of India. Annual report 2021-2022.
2021.

[2] Kolawole JT, Babafemi AJ, Fanijo E, Chandra Paul
S, Combrinck R. State-of-the-art review on the use
of sugarcane bagasse ash in cementitious materials.
Cem Concr Compos 2021;118:103975. [CrossRef]

[3] Magdziarz A, Wilk M. Thermal characteristics of the
combustion process of biomass and sewage sludge. |
Therm Anal Calorim 2013;114:519-529. [CrossRef]

[4] Madurwar MV, Mandavgane SA, Ralegaonkar RV.
Use of sugarcane bagasse ash as brick material. Curr
Sci2014;107:1044-1051.

[5] McCarl BA, Adams DM, Alig R]. Competitiveness
of biomass-fueled electrical power plants. Ann Oper
Res 2000;103:239-248. [CrossRef]

[6] Andrade Neto JS, Fran¢a MJS, Amorim Junior NS,
Ribeiro DV. Effects of adding sugarcane bagasse ash
on the properties and durability of concrete. Constr
Build Mater 2021;266:120959. [CrossRef]

[7] Khalil MJ, Aslam M, Ahmad S. Utilization of sugar-
cane bagasse ash as cement replacement for the pro-
duction of sustainable concrete — A review. Constr
Build Mater 2021;270:121371. [CrossRef]

[8] Agwa IS, Omar OM, Tayeh BA, Abdelsalam BA.
Effects of using rice straw and cotton stalk ashes on
the properties of lightweight self-compacting con-
crete. Constr Build Mater 2020;235:117541. [CrossRef]


https://orcid.org/0000-0001-9743-6924
https://en.wikipedia.org/wiki/Turkey
https://en.wikipedia.org/wiki/Ye%C5%9Fil_River
file:///C:/Users/duhan/OneDrive/Masa%c3%bcst%c3%bc/ADEM/Sigma%20Dergisi/41%202/Word/../../../../../../../Bahar/Downloads/1.15 mV
https://acikerisim.istinye.edu.tr/xmlui/handle/20.500.12713/3242
https://covid19.saglik.gov.tr/

694

Sigma J Eng Nat Sci, Vol. 44, No. 1, pp. 680-697, February, 2026

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

El Damatty AA, Hussain I. An economical solution
for the environmental problem resulting from the
disposal of rice straw. In: Appropriate technologies
for environmental protection in the developing
world. 2009. p- 15-23. [CrossRef]

Anto G, Athira K, Nair NA, Sai TY, Laxman A,
Sairam V. Mechanical properties and durabil-
ity of ternary blended cement paste containing
rice husk ash and nano silica. Constr Build Mater
2022;342:127732. [CrossRef]

De Silva SHM]J, Priyamali MWS. Potential use of
waste rice husk ash for concrete paving blocks:
Strength, durability, and run-off properties. Int J
Pavement Eng 2020;1-13.

Khan K, Ishfag M, Amin MN, Shahzada K, Wahab
N, Faraz MI. Evaluation of mechanical and micro-
structural properties and global warming potential
of green concrete with wheat straw ash and silica
fume. Materials (Basel) 2022;15:3177. [CrossRef]

Yu Y, Lau A, Sokhansanj S. Hydrothermal carbon-
ization and pelletization of moistened wheat straw.
Renew Energy 2022;190:1018-1028. [CrossRef]
Terzioglu P, Yiicel S, Kus C. Review on a novel
biosilica source for production of advanced sili-
ca-based materials: Wheat husk. Asia Pac ] Chem
El’lg 2019;14:1-14. [CrossRef]

Krishna BB, Singh R, Bhaskar T. Effect of catalyst
contact on the pyrolysis of wheat straw and wheat
husk. Fuel 2015,16064—70 [CrossRef]

Saloni S, Pham TM, Lim YY, Pradhan SS, Jatin, Ku
mar J. Performance of rice husk ash-based sustain-
able geopolymer concrete with ultra-fine slag and
corn cob ash. Constr Build Mater 2021;279:122526.
[CrossRef]

Mohan S, CP C. Effect of artificial fibers and corn
cob ash on mechanical behavior of high perfor-
mance concrete. Pol J Environ Stud 2022;31:1-9.
[CrossRef]

Gummert M, Van Hung N, Chivenge P, Douthwaite
B. Sustainable rice straw management. New York:
Springer; 2020. [CrossRef]

Hamada HM, Jokhio GA, Yahaya FM, Humada
AM, Gul Y. The present state of the use of palm oil
fuel ash (POFA) in concrete. Constr Build Mater
2018;175:26—40. [CrossRef]

Ayub M, Dzarfan Othman MH, Khan I'U, Hubadillah
SK, Kurniawan TA, Ismail AF, et al. Promoting sus-
tainable cleaner production paradigms in palm oil
fuel ash as an eco-friendly cementitious material:
A critical analysis. ] Clean Prod 2021;295:126296.
[CrossRef]

Bheel N, Sohu S, Jhatial AA, Memon NA, Kumar
A. Combined effect of coconut shell and sugarcane
bagasse ashes on the workability, mechanical prop-
erties and embodied carbon of concrete. Environ Sci
Pollut Res 2022;29:5207-5223. [CrossRef]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Ahmad RK, Sulaiman SA, Yusup S, Dol SS, Inayat
M, Umar HA. Exploring the potential of coconut
shell biomass for charcoal production. Ain Shams
Eng ] 2022;13:101499. [CrossRef]

Bheel N, Awoyera P, Tafsirojjaman T, Sor NH, Sohu
S. Synergic effect of metakaolin and groundnut
shell ash on the behavior of fly ash-based self-com-
pacting geopolymer concrete. Constr Build Mater
2021;311:125327. [CrossRef]

Perea-Moreno MA, Manzano-Agugliaro F Hernandez-
Escobedo Q, Perea-Moreno AJ. Peanut shell for energy:
Properties and its potential to respect the environment.
Sustainability 2018;10:1-15. [CrossRef]

Madurwar MYV, Ralegaonkar RV, Mandavgane
SA. Application of agro-waste for sustainable con-
struction materials: A review. Constr Build Mater
2013;38:872-878. [CrossRef]

Katare VD, Madurwar MV, Raut S. Agro-industrial
waste as a cementitious binder for sustainable con-
crete: An overview. In: Sustainable waste management:
Policies and case studies. 2020. p. 683-702. [CrossRef]
Katare VD, Madurwar MV. Pozzolanic performance
resemblance of milled sugarcane biomass ash using
different pozzolanicity test methods. Adv Cem Res
2020;32:205-215. [CrossRef]

Tembhurkar S, Nayar P, Azad N, Ralegaonkar R,
Madurwar M. Nanoprocessing of industrial rejects
for controlling operational energy of buildings. Adv
Civ Eng 2022;2022:1-14. [CrossRef]

Ahamed MAA, Perera MSA, Matthai SK, Ranjith
PG, Dong-yin L. Coal composition and struc-
tural variation with rank and its influence on the
coal-moisture interactions under coal seam tem-
perature conditions: A review article. J Petrol Eng
2019;180:901-917. [CrossRef]

Vassilev SV, Vassileva CG. A new approach for the
combined chemical and mineral classification of the
inorganic matter in coal: Chemical and mineral clas-
sification systems. Fuel 2009;88:235-245. [CrossRef]
Bhatt A, Priyadarshini S, Acharath Mohanakrishnan
A, Abri A, Sattler M, Techapaphawit S. Physical,
chemical, and geotechnical properties of coal fly
ash: A global review. Case Stud Constr Mater
2019;11:€00263. [CrossRef]

Nayak DK, Abhilash PP, Singh R, Kumar R, Kumar
V. Fly ash for sustainable construction: A review of
fly ash concrete and its beneficial use case studies.
Cleaner Mater 2022;2022:100143. [CrossRef]

Kelechi SE, Adamu M, Uche OAU, Okokpujie IP,
Ibrahim YE, Obianyo II. A comprehensive review
on coal fly ash and its application in the construction
industry. Cogent Eng 2022;2022:2114201. [CrossRef]
Tang Y, Zhu K, Huang Y. Radiative properties of
porous fly ash particles based on the particle super-
position model. J Quant Spectrosc Radiat Transf
2022;277:107977. [CrossRef]


https://papers.ssrn.com/sol3/papers.cfm?abstract_id=2649057
https://econpapers.repec.org/article/eeeenepol/v_3a149_3ay_3a2021_3ai_3ac_3as0301421520308168.htm
https://kaggle.com/muhammadkhalid/sign-language-for-numbers Accessed on Feb 06
https://doi.org/10.3390/su11071982
https://orcid.org/0000-0001-6932-4159
https://orcid.org/0000-0003-1039-3234
https://orcid.org/0000-0002-0569-6399
https://doi.org/10.1016/j.apacoust.2015.04.013
https://doi.org/10.1109/ICGCCEE.2014.6921394
https://doi.org/10.1016/j.engappai.2014.05.003
https://doi.org/10.21437/Eurospeech.2003-413
https://doi.org/10.21437/Interspeech.2018-2015
https://doi.org/10.1109/ACCESS.2018.2816163
https://doi.org/10.4316/AECE.2018.02013
https://doi.org/10.1109/SIU.2018.8404322
https://doi.org/10.5220/0007237600850092
https://doi.org/10.1016/j.specom.2020.03.008
https://doi.org/10.1002/jnm.2758
https://doi.org/10.1109/ACCESS.2021.3063523
https://doi.org/10.1109/ACCESS.2021.3078432
https://doi.org/10.1515/jee-2017-0001
https://doi.org/10.1006/dspr.1999.0361
https://doi.org/10.1109/TASL.2006.876858
https://doi.org/10.1109/CCECE.1995.526613

Sigma J Eng Nat Sci, Vol. 44, No. 1, pp. 680-697, February, 2026

695

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

Schure MR, Soitys PA, Natusch FS, Mauney T.
Surface area and porosity of coal fly ash. Environ Sci
Technol 1985;19:82-86. [CrossRef]

Chen Y, Fan Y, Huang Y, Liao X, Xu W, Zhang T. A
comprehensive review of toxicity of coal fly ash and
its leachate in the ecosystem. Ecotoxicol Environ Saf
2024;2024:115905. [CrossRef]

Olatoyan OJ, Kareem MA, Adebanjo AU, Olawale
SOA, Alao KT. Potential use of biomass ash as a sus-
tainable alternative for fly ash in concrete produc-
tion: A review. Hybrid Adv 2023;4:100076. [CrossRef]
Vassilev SV, Baxter D, Andersen LK, Vassileva CG.
An overview of the chemical composition of bio-
mass. Fuel 2010;89:913-933. [CrossRef]

Antiohos SK, Papadakis VG, Tsimas S. Rice husk
ash (RHA) effectiveness in cement and concrete as a
function of reactive silica and fineness. Cem Concr
Res 2014;61-62:20-27. [CrossRef]

James AK, Thring RW, Helle S, Ghuman HS. Ash
management review: Applications of biomass bot-
tom ash. Energies 2012;5:3856. [CrossRef]

Katare VD, Madurwar MV. Experimental character-
ization of sugarcane biomass ash — A review. Constr
Build Mater 2017;152:1-15. [CrossRef]

Chindaprasirt P, Rattanasak U. Eco-production of
silica from sugarcane bagasse ash for use as a photo-
chromic pigment filler. Sci Rep 2020;10:1-8. [CrossRef]
Uvegi H, Chaunsali P, Traynor B, Olivetti E.
Reactivity of industrial wastes as measured through
ICP-OES: A case study on siliceous Indian biomass
ash. ] Am Ceram Soc 2019;102:7678-7688. [CrossRef]
KamiyaK, Oka A, Nasu H, Hashimoto T. Comparative
study of structure of silica gels from different sources.
J Solgel Sci Technol 2000;19:495-499. [CrossRef]

Jittin V, Bahurudeen A, Ajinkya SD. Utilisation of
rice husk ash for cleaner production of different con-
struction products. ] Clean Prod 2020;263:121578.
[CrossRef]

Nair DG, Jagadish KS, Fraaij A. Reactive pozzola-
nas from rice husk ash: An alternative to cement for
rural housing. Cem Concr Res 2006;36:1062-1071.
[CrossRef]

Sadafale MA, Madurwar MV. Implementing a slow
cooling method for thermal treatment of RHA to
use as a secondary precursor in alkali activated mor-
tar. ] Mater Civ Eng 2025;37:70192. [CrossRef]
Ganesan K. Rice husk ash blended cement:
Assessment of optimal level of replacement for
strength and permeability properties of concrete.
Constr Build Mater 2008;22:1675-1683. [CrossRef]
Ibrahim DM, Helmy M. Crystallite growth of rice
husk ash silica. Thermochim Acta 1981;45:79-85.
[CrossRef]

Kang S, Hong S, Moon J. The use of rice husk ash
as reactive filler in ultra-high performance concrete.
Cem Concr Res 2018;115:389-400. [CrossRef]

(51]

(52]

(53]

(54]

(55]

(56]

(571

(58]

(59]

[60]

[61]

[62]

[63]

[64]

[65]

Ismail NAA, Azmi MA, Ahmad S, Taib H. Effect of
rice husk firing temperature on synthesis of silica
(SiO,). Adv Mater Res 2015;1087:470-474. [CrossRef]
Faried AS, Mostafa SA, Tayeh BA, Tawfik TA. The
effect of using nano rice husk ash of different burning
degrees on ultra-high-performance concrete proper-
ties. Constr Build Mater 2021;290:123279. [CrossRef]
Chindaprasirt P, Jaturapitakkul C, Rattanasak U.
Influence of fineness of rice husk ash and additives
on the properties of lightweight aggregate. Fuel
2009;88:158—-162. [CrossRef]

Bakar BHA. Effect of rice husk ash fineness on the
chemical and physical properties of concrete. Mag
Concr Res 2011;63:313-320. [CrossRef]

Luo Y, Li Z, Li X, Liu X, Fan J, Clark JH, et al. The
production of furfural directly from hemicellulose
in lignocellulosic biomass: A review. Catal Today
2019;319:14-24. [CrossRef]

Steven S, Restiawaty E, Bindar Y. Routes for energy
and bio-silica production from rice husk: A com-
prehensive review and emerging prospect. Renew
Sustain Energy Rev 2021;149:111329. [CrossRef]

Yang H, Yan R, Chen H, Lee DH, Zheng C.
Characteristics of hemicellulose, cellulose and lig-
nin pyrolysis. Fuel 2007;86:1781-1788. [CrossRef]
El-Sayed SA, Khairy M. Effect of heating rate on
the chemical kinetics of different biomass pyrolysis
materials. Biofuels 2015;6:157—-170. [CrossRef]
Nowakowska M, Herbinet O, Dufour A, Glaude
PA. Detailed kinetic study of anisole pyrolysis and
oxidation to understand tar formation during bio-
mass combustion and gasification. Combust Flame
2014;161:1474-1488. [CrossRef]

Kirubakaran V, Sivaramakrishnan V, Nalini R, Sekar
T, Premalatha M, Subramanian P. A review on gas-
ification of biomass. Renew Sustain Energy Rev
2009;13:179-186. [CrossRef]

Williams A, Jones JM, Ma L, Pourkashanian M.
Pollutants from the combustion of solid biomass fuels.
Prog Energy Combust Sci 2012;38:113-137. [CrossRef]
Peters B. Prediction of pyrolysis of pistachio shells
based on its components hemicellulose, cellulose
and lignin. Fuel Process Technol 2011;92:1993-
1998. [CrossRef]

Fisher T, Hajaligol M, Waymack B, Kellogg D.
Pyrolysis behavior and kinetics of biomass derived
materials. ] Anal Appl Pyrolysis 2002;62:331-349.
[CrossRef]

Morin M, Pécate S, Hémati M. Kinetic study of bio-
mass char combustion in a low temperature fluid-
ized bed reactor. Chem Eng J 2018;331:265-277.
[CrossRef]

Zeng X, Ueki Y, Yoshiie R, Naruse I, Wang F, Han
Z, et al. Recent progress in tar removal by char and
the applications: A comprehensive analysis. Carbon
Resour Convers 2020;3:1-18. [CrossRef]


https://doi.org/10.1109/PROC.1978.10837
https://doi.org/10.1109/79.543975
https://doi.org/10.1186/s13636-015-0061-x
https://orcid.org/0000-0001-9499-1420
https://orcid.org/0000-0003-0601-3091
https://doi.org/10.1016/j.asoc.2020.106413
https://doi.org/10.1111/jdv.13965
https://doi.org/10.1056/NEJMoa055356
https://doi.org/10.3201/eid1211.060190
https://doi.org/10.1097/MAJ.0000000000000366
https://doi.org/10.1016/j.mib.2011.11.006
https://doi.org/10.1056/NEJM199808203390806
https://doi.org/10.1038/nature16057
https://doi.org/10.1002/jbm.b.33635
https://doi.org/10.1016/j.mib.2016.05.017
https://doi.org/10.1002/adfm.201505231
https://doi.org/10.1016/j.coph.2010.06.006
https://doi.org/10.3892/mmr.2017.8148
https://doi.org/10.1016/j.jiph.2011.06.001
https://doi.org/10.1016/j.pop.2018.05.006
https://doi.org/10.1016/j.nano.2019.04.012
https://doi.org/10.1016/j.carbpol.2012.08.064
https://doi.org/10.1016/j.foodhyd.2019.105338
https://doi.org/10.1128/AAC.00203-08
https://doi.org/10.1155/2013/392058
https://doi.org/10.1111/j.1750-3841.2011.02213.x
https://doi.org/10.1016/j.foodchem.2007.07.003
https://doi.org/10.1021/jf062614e
https://doi.org/10.1007/s00217-013-2140-5
https://doi.org/10.2147/IJN.S236277
https://doi.org/10.1016/j.ijpharm.2015.08.067

696

Sigma J Eng Nat Sci, Vol. 44, No. 1, pp. 680-697, February, 2026

[66]

[67]

[68]

[69]

(70]

(71]

(72]

(73]

(74]

(75]

[76]

(771

(78]

(79]

(80]

Miller BG. Introduction to coal utilization tech-
nologies. In Clean Coal Engineering Technology.
Oxford: Butterworth-Heinemann; 2017. p. 133-217.
[CrossRef]

Khodaei H, Al-Abdeli YM, Guzzomi F, Yeoh GH.
An overview of processes and considerations in the
modelling of fixed-bed biomass combustion. Energy
2015;88:946-972. [CrossRef]

Hobbs ML, Radulovic PT, Smoot LD. Combustion
and gasification of coals in fixed-beds. Prog Energy
Combust Sci 1993;19:505-586. [CrossRef]

Ladner WR. The products of coal pyrolysis:
Properties, conversion and reactivity. Fuel Process
Technol 1988;20:207-222. [CrossRef]

Boateng AA, Skeete DA. Incineration of rice hull for
use as a cementitious material: The Guyana experi-
ence. Cem Concr Res 1990;20:795-802. [CrossRef]
Hanafi S, Abo-El-Enein SA, Ibrahim DM, El-Hemaly
SA. Surface properties of silicas produced by ther-
mal treatment of rice-husk ash. Thermochim Acta
1980;37:137-143. [CrossRef]

Hamad MA, Khattab IA. Effect of the combus-
tion process on the structure of rice hull silica.
Thermochim Acta 1981;48:343-349. [CrossRef]

Shi W, Bai ], Kong L, Zhao H, Guhl S, Li H, et al.
Effect of CaO/Fe,O; ratio on fusibility of coal ashes
with high silica and alumina levels and prediction.
Fuel 2020;260:116369. [Crosskef]

Muthukrishnan S, Gupta S, Kua HW. Application of
rice husk biochar and thermally treated low silica rice
husk ash to improve physical properties of cement
mortar. Theor Appl Fract Mech 2019;2019:102376.
[CrossRef]

Huang H, Gao X, Wang H, Ye H. Influence of rice
husk ash on strength and permeability of ultra-
high performance concrete. Constr Build Mater
2017;149:621-628. [CrossRef]

Bui LAT, Chen CT, Hwang CL, Wu WS. Effect of silica
forms in rice husk ash on the properties of concrete.
Int ] Miner Metall Mater 2012;19:252-258. [CrossRef]
Bie R, Song X, Liu Q, Ji X, Chen P. Studies on effects of
burning conditions and rice husk ash (RHA) blend-
ing amount on the mechanical behavior of cement.
Cem Concr Compos 2015;55:162—-168. [CrossRef]

Xu W, Tommy Y, Ouyang D, Ali S, Xing E Wang
W. Effect of rice husk ash fineness on porosity and
hydration reaction of blended cement paste. Constr
Build Mater 2015;89:90-101. [CrossRef]

Salas A, Delvasto S, de Gutierrez RM, Lange D.
Comparison of two processes for treating rice husk
ash for use in high performance concrete. Cem
Concr Res 2009;39:773-778. [CrossRef]

Msinjili NS, Schmidt W, Rogge A, Kithne HC.
Performance of rice husk ash blended cementitious
systems with added superplasticizers. Cem Concr
Compos 2017;83:202-208. [CrossRef]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

(90]

[91]

(92]

(93]

Billong N, Melo UC, Kamseu E, Kinuthia JM,
Njopwouo D. Improving hydraulic properties of
lime-rice husk ash (RHA) binders with metaka-
olin (MK). Constr Build Mater 2011;25:2157-2161.
[CrossRef]

Raisi EM, Amiri JV, Davoodi MR. Mechanical per-
formance of self-compacting concrete incorporating
rice husk ash. Constr Build Mater 2018;177:148—
157. [CrossRef]

Régo JHS, Nepomuceno AA, Figueiredo EP,
Hasparyk NP. Microstructure of cement pastes with
residual rice husk ash of low amorphous silica con-
tent. Constr Build Mater 2015;80:56-68. [CrossRef]
Vayghan AG, Khaloo AR, Rajabipour F. The effects
of a hydrochloric acid pre-treatment on the physi-
cochemical properties and pozzolanic performance.
Cement Concrete Compos 2013;39:131-140.
Koushkbaghi M, Jafar M, Mosavi H, Mohseni E.
Acid resistance and durability properties of steel
fiber-reinforced concrete incorporating rice husk
ash and recycled aggregate. Constr Build Mater
2019;202:266-275. [CrossRef]

Khan R, Jabbar A, Ahmad I, Khan W, Naeem A,
Mirza J. Reduction in environmental problems
using rice-husk ash in concrete. Constr Build Mater
2012,30360—365 [CrossRef]

Lo E Lee M, Lo S. Effect of coal ash and rice husk ash
partial replacement in ordinary Portland cement on
pervious concrete. Constr Build Mater 2021. [CrossRef]
Ouedraogo M, Sawadogo M, Sanou I, Barro M,
Nassio S, Seynou M, et al. Characterization of
sugar cane bagasse ash from Burkina Faso for
cleaner cement production: Influence of calci-
nation temperature and duration. Results Mater
2022;14:100275. [CrossRef]

Cordeiro GC, Barroso TR, Toledo Filho RD.
Enhancement the properties of sugar cane bagasse
ash with high carbon content by a controlled re-cal-
cination process. KSCE ] Civ Eng 2018;22:1250-
1257. [CrossRef]

Ishfaq M, Gul A, Naseer MH. Effect of heat treat-
ment on the chemical and microstructural prop-
erties of wheat straw ash (WSA). ] Eng Res Rep
2021:99-108. [CrossRef]

Ouedraogo AKAH, Koteng DO, Ambassah N. Effect
of pretreated corn cob ash on the mechanical and
durability characteristics of high-strength concrete.
SSRG Int ] Civ El’lg 2024;11:125-138. [CrossRef]
Suwanmaneechot P, Nochaiya T, Julphunthong P.
Improvement, characterization and use of waste
corn cob ash in cement-based materials. IOP Conf
Ser Mater Sci Eng 2015;103:012023. [CrossRef]

Olafusi OS, Adewuyi AP, Sadiq OM, Adisa AF,
Abiola OS. Rheological and mechanical characteris-
tics of self-compacting concrete containing corncob
ash. 2017.


https://doi.org/10.1080/10717544.2016.1267275
https://doi.org/10.1046/j.1365-2672.2000.01127.x
https://doi.org/10.1023/A:1021129710316
https://doi.org/10.1128/AAC.00561-11
https://doi.org/10.1016/j.ultsonch.2013.10.021
https://doi.org/10.1111/jfs.12644
https://doi.org/10.1016/j.lwt.2020.109965
https://doi.org/10.1016/j.jmrt.2020.09.027
https://doi.org/10.1016/j.colsurfb.2015.03.062
https://doi.org/10.1016/j.ijpharm.2014.08.001
https://doi.org/10.1016/j.cis.2003.10.023
https://doi.org/10.1088/0953-8984/18/41/R01
https://doi.org/10.1007/s12094-012-0982-0
https://doi.org/10.3109/10837450.2013.823989
https://doi.org/10.1016/j.jsps.2016.06.004
https://doi.org/10.1016/j.clindermatol.2009.06.006
https://doi.org/10.1016/j.ijpharm.2018.11.002
https://doi.org/10.1166/jnn.2013.6701
https://doi.org/10.1016/j.jfoodeng.2013.08.034
https://doi.org/10.1186/1477-3155-9-44
https://doi.org/10.1034/j.1600-0846.2001.70206.x

https://doi.org/10.1016/j.fuel.2007.12.017

https://doi.org/10.1016/j.ultsonch.2012.08.010
https://doi.org/10.1002/jobm.201200060

https://doi.org/10.1016/j.lwt.2016.03.018
https://doi.org/10.1016/j.indcrop.2019.112068

Sigma J Eng Nat Sci, Vol. 44, No. 1, pp. 680-697, February, 2026

697

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Adesanya DA, Raheem AA. Development of corn
cob ash blended cement. Constr Build Mater
2009;23:347-352. [CrossRef]

Bureau of Indian Standards. Specification for pul-
verized fuel ash, part 1: For use as pozzolana in
cement, cement mortar and concrete. IS 3812. New
Delhi (India): Bureau of Indian Standards; 2013.
p-1-12.

ASTM International. Standard specification for coal
fly ash and raw or calcined natural pozzolan for use
in concrete. ASTM C618. West Conshohocken (PA):
ASTM International; 2014. p.1-5.

Khan W, Shehzada K, Bibi T, Ul Islam S, Wali Khan
S. Performance evaluation of Khyber Pakhtunkhwa
rice husk ash (RHA) in improving mechanical behav-
ior of cement. Constr Build Mater 2018;176:89-102.
[CrossRef]

Xu W, Lo TY, Memon SA. Microstructure and
reactivity of rice husk ash. Constr Build Mater
2012;29:541-547. [CrossRef]

Amin MN, Hissan S, Shahzada K, Khan K, Bibi T.
Pozzolanic reactivity and the influence of rice husk
ash on early-age autogenous shrinkage of concrete.
Front Mater 2019;6:1-13. [CrossRef]

Ai-Khalaf MN, Yousift HA. Use of rice husk ash
in concrete. Int ] Cem Compos Lightweight Concr
1984;6:241-248. [CrossRef]

Hamzeh Y, Ziabari KP, Torkaman J, Ashori A, Jafari
M. Study on the effects of white rice husk ash and
fibrous materials additions on some properties
of fiber-cement composites. J Environ Manage
2013;117:263-267. [CrossRef]

Hesami S, Ahmadi S, Nematzadeh M. Effects of
rice husk ash and fiber on mechanical properties of

[103]

(104]

[105]

[106]

[107]

[108]

[109]

pervious concrete pavement. Constr Build Mater
2014,53680—691 [CrossRef]

Memon M]J, Jhatial AA, Murtaza A, Raza MS,
Phulpoto KB. Production of eco-friendly concrete
incorporating rice husk ash and polypropylene
fibres. Environ Sci Pollut Res 2021;28:39168-39184.
[CrossRef]

Koushkbaghi M, Kazemi M], Mosavi H, Mohseni
E. Acid resistance and durability properties of steel
fiber-reinforced concrete incorporating rice husk
ash and recycled aggregate. Constr Build Mater
2019;202:266-275. [CrossRef]

Sobuz MHR, Saha A, Anamika JE Houda M, Azab
M, Akid ASM, et al. Development of self-compacting
concrete incorporating rice husk ash with waste gal-
vanized copper wire fiber. Buildings 2022;12:1024.
[CrossRef]

De Silva GHM]JS, Naveen P. Effect of rice husk ash
and coconut coir fiber on cement mortar: Enhancing
sustainability and efficiency in buildings. Constr
Build Mater 2024;440:137326. [CrossRef]

Mehmood MA, Ibrahim M, Rashid U, Nawaz M,
Ali S, Hussain A, et al. Biomass production for bio-
energy using marginal lands. Sustain Prod Consum
2017;9:3-21. [CrossRef]

Yaghoubi H, Allahyari MS, Firouzi S, Damalas CA,
Marzban S. Identifying sustainable options for rice
husk valorization using the analytic hierarchy pro-
cess. Outlook Agric 2019;48:117-125. [CrossRef]
Shakeel A, Khushnood H, Irfan M, Ahmad A, Naqvi
AH, Shafi M. On the characteristics of clusters pro-
duced in 400 GeV p-N interactions. ] Phys Soc Jpn
1986;55:3362-3369. [CrossRef]


https://doi.org/10.2147/IJN.S252640
https://doi.org/10.1038/s41598-018-24871-5
https://doi.org/10.1016/j.cofs.2017.06.003
https://doi.org/10.1016/j.jddst.2021.102652
https://doi.org/10.1016/j.ijpharm.2020.119635
https://doi.org/10.3390/molecules20022492
https://doi.org/10.1016/j.ijpharm.2020.119402
https://doi.org/10.1016/j.jddst.2020.101606
https://doi.org/10.3390/pharmaceutics9040037
https://doi.org/10.1006/jcis.2002.8365
https://doi.org/10.1016/j.ejpb.2011.01.025
https://doi.org/10.3109/03639045.2014.884127
https://doi.org/10.1680/jemmr.20.00280
https://doi.org/10.1016/j.jbiotec.2016.07.005



