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Abstract

Due to the numerous downsides associated with the non-renewable energy sources, the global attention is increasingly diverting
towards using renewable sources. Among many others, the biomass of agricultural crops is shown to be a promising non-
renewable energy source, hence becoming a preferable choice to extract/synthesize value added products. In this respect, rice
husk has shown its potential time and again. As an example, rice husk can be converted into ash which is already an investigated
source of rich silica content, and therefore can be utilized in the relevant applications. Agricultural biomass and its waste have
gravitated a significant interest of researchers around the globe due to their low reaction time and high utilization. The present
review explores the novel and recent green/sustainable applications of rice husk/rice husk ash in various engineering, industrial,
and other renewable energy applications. Moreover, it gives a background of agro-waste applications along with a comparative

study of achievable silica from rice husk and other agro-waste sources.
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1 Introduction

The use of agro-wastes has become common these days.
Approximately 9% of the world energy is biomass driven [1,
2]. As a matter of fact, making an estimation of agro-waste
quantity is not an easy task as their prices are much lower than
the cost involved with collection, transportation, and process-
ing [3]. Every year, approximately a thousand million tons of
agro-waste is generated [4]. Eighty percent of the solid waste
generated by any farm is organic in nature. Agro-waste can
contain various components from toxic waste such as
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herbicicdes, insecticides, and pesticides to culls from fruits
and vegetables [5, 6].

Traditionally, these wastes are used as fertilizer or as ash in
various applications. One such application is construction.
Agro-waste ash being used as a direct or coupled construction
material has a long history. “Sarou;j” is an example of one such
binding material made of lime, clayey soil, and other ash-
based additives that has been used to protect ice pits, buildings
and bridge priers for many years [7, 8]. Historically, Romans
built many of their structure using volcanic ash as a binder
material, which shows that the humans have been endeavoring
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to make the optimal use of the generated waste. With the
advent of modern science and technology, numerous factors
are shown to have an impact over the quality of these wastes
(9]

The present paper reviews the preparation and applications
of rice husk ash, specially as binder material and additive in
concrete or soil stabilization. Many of the soils are have low
bearing capacity; hence, such lands are stabilized via suitable
techniques [10]. Similarly, it is trending in recent years to utilize
the agro-waste as a source for renewable energy [11, 12].

2 Background of agro-waste applications

Much of the research done so far shows the various possible
engineering and industrial applications of biomass [13, 14].
Agro-waste obtained from various plants and crops may con-
tain organic minerals as well as non-organic matter such as
silica. For example, the silica content in rice husk can vary
from 5 to 30% depending on geographical location and the
type of rice specie used for collected husk [15, 16]. The rice
husk ash is usually thrown away after the burning, which can
otherwise be a promising stabilizer substitute for cement and
quicklime as it is rich in pozzolanic content like silica.
Furthermore, when mixed with cement, it does not add much
weight, hence preferred in the relevant civil engineering ap-
plication. The use of the ash like this can enhance and improve
the construction industry.

Previously, soil improvement was achieved by using lime-
stone, bitumen, cement, and other additives [17]. Although the
lime-based binders require pozzolanic material along with
water compared to cement-based ones that only require water,
the results of the both binders are shown to be almost the same
[18]. Recently, the civil engineers have come up with new
materials to enhance and stabilize the properties of soil such
as improving mechanical properties via preloading and com-
paction; whereas using chemicals like lime, cement, rice husk
ash, fly ash, and fibers for stabilization. Other materials avail-
able previously include oil and polymeric materials are not
used any more due to cost and environmental impacts.
Therefore, the natural materials like agro-waste are becoming
a much more preferred choice due to the low cost and lesser
environmental impact [2, 19]. Among numerous biomass
ashes, the rice husk ash contains high amount of silica with
low reaction time and high utilization which has generated a
significant interest within the researchers community. The
conventional ash preparation methods with their applications
are reviewed below.

2.1 Production of agro-waste ash

The agro-waste materials are high in carbon content; hence, it
can be used as precursors for biomass ash generation. Many of
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such agro-waste materials have been used in the past to pro-
duce value-added products such as olive stones, grape seeds,
bagasse, straw, almond, nut, oat and rice hulls, sunflower
shells, apricot, peach, cherry stones, and many more
[20-29]. Table 1 shows the most commonly used agro-
waste ashes and their chemical compositions. Pyrolysis, a
thermo-chemical process, is employed as a major step to con-
vert the biomass into ash under a controlled environment. But
usually, one or two more pre-requisite step processes are ap-
plied before pyrolysis such as washing and leaching. Washing
is done to get rid of the external dust and other residue parti-
cles while the leaching with acid or base is helpful in remov-
ing the metal impurities. During pyrolysis, the carbonaceous
substances are transformed into gas, char, and oil in the pres-
ence of a gasifying agent, usually CO,, steam, oxygen, nitro-
gen, or air [42].

Pyrolysis of the agro-waste such as rice husk needs to be
performed under a controlled environment or else the silica
content could be affected. When the rice husk is burnt in open
environment to produce its ash, it gets divided into two layers.
The outer layer converts into black carbonized ash while the
inner layer exposed to a higher temperature transforms into
white rice husk ash [43]. Figure 1 gives the overview of RHA
applications.

The materials synthesized via pyrolysis such as ashes,
biochar, and active carbons are influenced by different pa-
rameters of temperature, heating rate, and particle size. The
changes in these materials brought about by pyrolysis are
reflected by their physiochemical properties like composi-
tion, ash content, porosity, pore structure, pore size, and sur-
face area [44]. For example, the impact of cooling procedure
after pyrolysis of rice husk at 500 °C is shown by the SEM
images in Fig. 2. As shown in the figure, the slow cooling
regime gives the ash particles with larger particle size com-
pared to rapid cooling. This reflects how the pyrolysis pa-
rameters can affect the physical properties obtained by the
ash particles. These materials can be utilized for various ap-
plications despite their reactivity and applicability being af-
fected by post pyrolysis properties, i.e., adsorbent for waste-
water, adsorbent for air pollution, soil stabilization, concrete,
etc. [46]. High temperatures usually result in reduced particle
size and reactivity [47, 48]. On the other hand, physical ac-
tivation has a positive effect on reactivity and particel surface
area [49, 50]. With the rise of the temperature, as observed
by many researchers, the gaseous yield is higher than that of
solids [51]. Higher temperature reduces the volatile matter
and augments the ash content, hence producing charcoals of
better quality. In their work [28], the researchers found the
char yield to reduce with the rise in temperature.
Furthermore, they failed to find any relationship between
soaking time and char yield [28].

Usually, there are two phases involved with preparation of
ashes: the first one employs carbonization of the material in
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Table 1 Composition of the most commonly used agro-waste ashes

Compositions

SiO; (%) ALOs; (%) Fe,O; (%) CaO (%) MgO (%) K,0 (%) P,Os (%) Na,O Ash content (%) Ref

Almond shell 10.7 2.7 2.8
Coconut shell 69.3 8.8 6.4
Rice husk 89.39 0.22 0.4
Sunflower seed husk 3.65 0.62 15.7
Sunflower husk 17.8 14.5 6.4
Walnut shell 9.9 24 1.5
Sheep manure 29.3 3.08 1.95
Bagasse 72.29 7.99 6.16
Sugarcane bagasse 45.88 20.55 15.45
Oil palm empty fruit bunch 49.10 0.46 1.28
Paper 28.1 52.56 0.81
Apple pulp 21 8.5 22
Wheat straw 52 0.6 1.1
Wood, pyrenean oak residues pellets 2.5 11.14 1.25
Olive tree prunings 57 14 1.4
Coconut trunk 42.66 13.94 8.28

10.5 52 487 4.5 16 33 [30]
25 1.6 8.8 1.6 48 3.1 [31]
13 0.57 5.04 0.87 035 206 [32]
21 1336 4121 NA 096 3.83 [33]
14.6 8.5 21.1 9.4 01 19 [31]
16.6 13.4 329 6.2 1 28 [30]
12.8 5.74 234 9.21 464 209 [34]
4.16 234 449 0.93 095 77 [35]
431 322 1.67 0.89 096 1238 [36]
6.53 NA 12.8 112 125 7.54 [37]
7.49 236 0.16 0.2 053 833 [38]
11 4.1 24 11 1.1 28 [39]
9.2 1.8 219 32 03 779 [40]
1576 11.96 1446 NA 065 3.71 [41]
12 1.1 27 1.1 007 133 [39]
1174 537 1041 3.55 205 115 [38]

the absence of oxygen at temperature below 800 °C while the
second one incorporates activation of the carbonized product
using physical or chemical methods. When ashes produced
via the low temperature technique do not show the convincing
enough properties to be used as pozzolanic material, the alter-
nate route is implemented which involves physical activation
in an oxygen-rich environment with oxidizing agents such
steam or CO,. Among the oxidizing agents, CO, is much
preferred due to various benefits such as easy handling, acces-
sibility, easy to control, and low rate reaction [27]. Even after
the preference of CO, as oxidizing agent, yet there is no fixed
agent that could be titled to produce suitable ash. In fact, many
times, the longer activation duration results in an ash with
higher adsorption capacity [27]. For example, adequate
amount of oxygen during pyrolysis is required in order to
achieve the ash with reduced carbon content [52].

Rice Husk Ash

Fig. 1 Overview of rice husk ash applications
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Other technique to produce ash is the chemical activation
which involves both the steps mentioned above. The chem-
ical agents such as oxidants and dehydrating agents are
mixed with raw materials. Both of the techniques for ash
production have their own set of advantages as well
disadvantages.

On the other hand, it is equally important to choose the raw
material that is cheap and readily available in addition to pick-
ing a cost-effective method. Hence, the present paper reviews
the RHA applications, specifically pertaining to construction
and renewable energy. In addition to that, it gives an overview
of the most commonly used agro-waste materials and the
efficient/cost-effective techniques used so far for ash produc-
tion, therefore being a base with solid foundation of reference
to be used by researchers for further insightful relevant re-
search in future.
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Fig. 2 SEM images of rice husk ash. Open access Ref. [45]

2.2 Applications of RHA in construction

RHA is rich in amorphous silica and therefore a suitable sub-
stitute for soil stabilization [53]. With time, silica has shown
its importance in the form of finding new and various uses in
different applications such as pozzolanic material in construc-
tion, silicon carbide, and pure silica and as a refractory mate-
rial in glass production [54-56]. In addition, RHA may pos-
sibly be used as a reinforcing agent, as an adsorbent, or even
as a filler in polymer composites [57]. Besides containing
pozzolanic material, RHA can also comprise of other com-
pounds such as iron oxide, potassium oxide, calcium oxide,
magnesium oxide, sodium oxide, and carbon.

It was in 1924 that the RHA was used for the first time in
concrete [58]; since then, it has been used in alkali-activated
and geopolymeric systems to replace the traditional binders
and has comparatively lower environmental impact [59, 60].
In the year 2016, approximately 533 million tons of rice was
produced globally [61]. According to one of the estimates,
each ton of the rice gives 0.2 tons of shell and between 18
and 22% of ash, though it depends upon geographical features
and weather conditions. Similarly, approximate estimated val-
ue of RHA generation after burning of 1 ton of rice husk is
220 kg of which 94 kg is silica [62—64].

In order to achieve the RHA and further convert it into
pozzolanic material of acceptable quality, it is important to
keep in mind the production conditions and method.
However, the RHA cannot be directly used in construction
applications as it lacks the relevant properties [65], which
necessitates its use with binders such as cement, calcium chlo-
ride, and lime for applications such as soil stabilization [66,
67]. Furthermore, binder type to be used depends upon the soil
characteristics and hence relatively selected. In the clayey soil,
lime is shown to be more efficient and effective than cement
due to the linger lasting reactions [68, 69].

Therefore, RHA is becoming a material of choice for con-
struction applications due to its abundant availability and

@ Springer

low reaction time, thereby gaining worldwide interest of
the researchers. When the rice husk is burnt, the ash pro-
duced can be in different forms such as cristobalite, quartz,
or tridymite. These forms are affected by parameters like
temperature, combustion duration, and pretreatment of rice
husk [52]. Burning rice husk for longer duration at either
high or low temperature may form a crystalline structure
with unburnt carbon [70]. Amorphous form of ash is re-
quired when it is intended to be used in concrete. Being
inexpensive and easily available, RHA can significantly de-
crease the overall cost of the engineering projects by replac-
ing the conventional binders. It can reduce the cost even
further when used to enhance the physical and mechanical
properties of soil and concrete, especially in the areas where
the rice production is much higher. In this context, Fig. 3
shows the effect of RHA on the tensile strength of concrete.
As the figure shows, initial RHA% rapidly enhances the
tensile strength of concrete and then slowly reduces to con-
stant. The highest tensile strength is achieved when RHA%
was kept at 5% ratio.

The products formed by the pozzolanic reactions are sim-
ilar to the ones found during hydration of portland cement and
hence can be used as natural adhesives to strengthen the ma-
terial. Despite that, the pozzolanic reactions are slow and re-
quire dependent multiple step reactions. This is where RHA
can be used as an adhesive to decrease the reaction time. The
higher silica concentrations are found in the outer layer of
RHA whereas the middle and inner portions are low in silica
content [72]. Overall, the pozzolanic reactions are cost effi-
cient, energy saving, and environmental friendly.

The decomposition of the RHA occurs in 2 stages: carbon-
ization and decarburization. Carbonization is when the vola-
tile matter decomposes at the temperature around 300 °C [73]
whereas decarburization occurs on the ignition of carbon at
higher temperature in an aerobic environment [52].

When the rice husk is burnt under the controlled condi-
tions, the resulting ash contains higher silica content in a
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non-crystalline form [74]. Chopra et al. [75] showed that the
silica sustained its non-crystalline form up to 700 °C.

As mentioned earlier, the production of RHA is governed
and affected by numerous parameters that need to be consid-
ered, such as ignition conditions, location [76], specie of the
rice husk, rate of heating, and fineness [52]. Different thermal
ranges and ignition times of rice husk make it possible to
produce various types of crystalline and amorphous silica
[77, 78]. Each of the product type may have vary in terms of
properties; hence, the properties of each of the ending material
need to be tuned in accordance with its usage and application
[79]. Yogananda et al. [80] showed to achieve the mortar
possessing higher strength by grinding the RHA before binder
mixing. Moreover, they showed the RHA produced under
controlled conditions to be beneficial and therefore applicable.

One of the factors having the highest impact over the ash
quality is ignition condition. James and Rao [81] showed that
in order to dispossess the rice husk of organic content and
release silica, it was necessary to burn it at isothermal temper-
ature of 400 °C. Nair et al. [52] compared the ashes obtained
from three different field ovens: annular oven, brick oven, and
pit burning. The results showed the ashes from annular enclo-
sure to possess the improved and desirable properties com-
pared to the other two.

Saraswathy and Song [70] investigated the RHA and con-
cluded that the addition of RHA in concrete could help
against corrosion by forming calcium silicate hydrate gel.
Furthermore, it was resulted that RHA addition up to 30%
could reduce its permeability and strengthen the material.
Similarly, Kim et al. [82] showed the similar percentage
required of RH in gypsum to enhance its properties. On the
other hand, using propylene fiber, Tang et al. [83] showed
that 8% of its mixture in clay soils improved its cohesion and
unconfined compressive strength (UCS). Alhassan [84] hav-
ing prepared the different soil mixtures and studied them
concluded that larger RHA and lime rations improved UCS
values.

Brooks [85] showed, after studying the CH clay stabiliza-
tion with coal ash and RHA, that the optimum percentages of

Replacement of Cement with RHA (%)

12 for RHA and 25 for coal ash increased the UCS and pro-
vided a good pozzolanic characteristics. Sarkar et al. [86]
found the 10% RHA as the optimum mixture value to achieve
higher unconfined compression strength.

Gupta and Kumar [10] used pond ash (PA) and RHA to
improve the kaolin clay soil. It was shown by the results that
the optimum mixture values for RHA and PA were 10-15%
and 30—40% respectively [66, 87]. Other studies have shown
the similar results for RHA, fly ash, and lime mixtures
[88—90]. It is seen that the optimum moisture content
(OMC) of the soil increases with the higher pozzolanic reac-
tion rates [91].

Gupta and Kumar [92] conclusively resulted that stabiliza-
tion with RHA and PA improved OMC and maximum dry
density (MDD) as shown in Figs. 4 and 5. The decreased
values of MDD could be due to lower specific gravity rates
of RHA and PA [84].

Recently, the researchers are considering to replace com-
mercial silica as a filler in polymeric materials with RHA [93].
RHA in its crystalline silica form can be an acceptable substi-
tute for silica and used as a filler providing favorable perfor-
mance [94]. However, it needs a further research towards uti-
lization of RHA as a reinforcing agent in epoxy polymers as
there is a little or insufficient literature present [93].

Chaunsali et al. [95] used a combined approach by mixing
RH and sugarcane bagasse ashes to produce a cementitious
binder. Research concluded that between the two ashes, the
one with higher amorphous values led to denser and stronger
product. Although the present review has so far mentioned
various construction applications of ash, yet there are still
unknown uses that need to be explored in the future research.

2.3 Applications of RHA in renewable energy

One of the example of biofuels is biodiesels. These are green
energy sources possessing clone like properties of diesel oil
and mainly derived from natural and biological resources, i.e.,
food waste, agro-waste, or even the microorganisms like algae
[96]. These come along with the benefits like being
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Fig. 4 XRD patterns of untreated

clay (A); treated clay with PA, T
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2 Theta (degree)

inexpensive, clean, non-toxic, biodegradable, and environ-
mental friendly, hence considered to be a suitable substitute
[97, 98]. The production of biodiesel involves the reaction
called transesterification, where the vegetable or animal oil
with methyl is catalyzed by acids, base, or enzymes [99,
100]. Previous researches suggest that the alkali catalytic
transesterification is better than acid catalytic
transesterification because the former comparatively takes
short reaction time giving high yield [101]. However, due to
the various problems associated with the traditional catalysts,
developing eco-friendly catalysts is becoming a state-of-the-
art research. Various researches have favored the used of al-
kaline earth oxides in place of base catalysts due to their non-
corrosive nature and reusability [102, 103]. Among many,
calcium oxide has gained much attention due to its possible
extraction from waste or natural materials [104, 105]. Figure 6
shows the biodiesel production via transesterification of palm
oil using calcium oxide as an efficient catalyst.

Various biomass waste materials can be used to synthesize
biodiesel. Waste shells such as Meretrix shell [106], mussel
shell [107], cockle shell [108], stritula shell [109], oyster shell
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Fig. 6 Transesterification of palm :
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[110], and eggshell [111] have been used as a source of CaO
or as catalyst. Even the ash-based catalysts have also been
considered by the researchers for biodiesel production, i.e.,
cocoa pod husk ash [112], wood ash [113], oil bioler ash
[114], palm fruit ash [115], and RHA [116].

Biochar is synthesized below 700 °C and in an oxygen
absent environment [117]. It is used in transesterification pro-
cess as a catalyst support due to various benefits including
high carbon content, low cost, large surface area, easy avail-
ability, and good thermal stability [118, 119]. Biochar is also
produced by pyrolysis of RHA, which has been used to cata-
lyze transesterification and esterification reactions, as shown
in Fig. 7.

Chen et al. [120] used silica from RHA for biodiesel pro-
duction for the first time. They showed that RHA could be
used as a catalyst support for biodiesel production without
pretreatment and further drying. It is shown by some other
studies that the catalyst principally depends upon factors like
structure, basicity, and pretreatment temperature [98]. They
showed that 30% of RHA prepared at 800 °C for 4 had the
highest catalytic activity with 91.5% of yield [120], which

Fig. 7 Flow diagram of biodeisel
synthesis from RHA. Adapted
from Ref. [61]

Methanol

however can reach up to 93.4% if performed under proper
conditions [98].

Wang et al. [121] used soybean and RHA-activated carbon
to produce biodiesel via hydrothermal process. They used a
heterogeneous catalyst developed by polyethylene glycol and
calcium oxide on the RHA-activated carbon. The catalyst re-
vealed high activity in transesterification of soybean oil. This
shows an attractive use of RHA as a catalyst for industrial
production of biodiesel.

3 Conclusions

Rice husk has shown a huge potential as a sustainable/
renewable energy resource and as inexpensive precursor to
synthesize value-added products such as rice husk ash. The
associated benefits of using rice husk include, but not limited
to, sustainability, diversity, and environmental friendly. The
present paper reviews rice husk ash and its characteristics,
production, advantages, limitations, and industrial applica-
tions. Rice husk ash carries significant applications, specially

Vegetable Oil ——— > Biodiesel + Glycerol
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for construction and renewable energy applications. Rice husk
ash, being a rich source of amosphous silica, can be used as
pozzolanic material in construction, silicon carbide, pure sili-
ca, and a refractory material in glass production. In addition,
RHA may possibly be used as a reinforcing agent, as an ad-
sorbent, or even as a filler in polymer composites. The renew-
able applications of rice husk ash include biochar and biodie-
sel synthesis.

Like rice husk, various other agro-wastes have shown the
similar potential, thus expanding the future usability of bio-
mass. Furthermore, the composition and properties of ashes
acquired from various agro-waste could be different; hence, it
is suggested to use rice husk ash with other agro-waste ashes
for the productive and unique applications.
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