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ABSTRACT 
 
Revolutionary bio-material Rice Husk Ash (RHA) has high potential to help the tire and 

rubber industry to become more sustainable. This material has also a good candidate to 

reduce energy consumption and CO2 emission. The conventional process of 

manufacturing precipitated silica by sand fusion with soda ash followed by acidification, 

is highly energy intensive and expensive as the process requires the reactants to be heated 

to high temperatures of around 1400ºC. The rising cost of raw materials such as sodium 

silicate, soda ash and fuel in international market is also the reason to seek the alternative 

manufacturing route of silica production. In contrast, rice husk ash, an environmental 

burden made by burning rice husk (RH) as fuel to generate thermal energy, would be an 

important and potential alternative cheaper silica source for producing silica where the 

silica content can be as high as 97%. In this study, a cost-effective synthesis method of 

commercial grade precipitated silica (≥ 99%) has been developed based on alkaline 

extraction method of silica from locally available rice husk ash. 

 
An integrated process flow sheet was developed and practiced that included initial 

leaching, alkali extraction of rice husk ash, acid precipitation of sodium silicate and finally 

drying and pulverizing of as produced precipitated silica from rice husk ash. Alkali 

extraction of purified rice husk ash was investigated within the temperature range of 120-

170ºC. The extracted sodium silicate solution was then acidified by sulphuric acid to 

reduce pH of the solution to ~7. At around pH 7, precipitation process of silica was 

completed. After washed, precipitated silica was aged, dried and pulverized to get fine 

powder. Analysis of rice husk ash and final precipitated silica powder by X-Ray 

Fluorescence (XRF) showed amorphous silica content 88-97% and 97-98% respectively. 

X-ray diffraction results confirmed presence of amorphous silica due to the broad peak 

zone and presence of trace amount crystalline silica due to the presence of cristobalite. 

The effects of temperature, pH, leaching agents, acid concentrations, alkali and acid 

amount optimized in this study. 

 
A production cost analysis was also carried out, which shows the developed synthesis 

route of high purity precipitated silica from rice husk ash cost ~43 BDT/kg. Whereas, 

other existing commercial process cost >46 BDT/kg for producing precipitated silica, 

which indicates the suitability and exploitability of the cost-effective synthesis process 

being developed in this research work for producing high purity precipitated silica.  
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1. INTRODUCTION 
 

1.1  Background of the Research 
 
World's top tire manufacturers are preferring environmentally friendly production by 

incorporating a waste product created by the burning of rice husks into a valuable material 

named rice husk ash with considerable level of high-quality amorphous silica used in high-end 

tires. When precipitated silica from rice husk ash is added to a tire tread recipe, it helps reduce 

tires' road resistance, a phenomenon that causes vehicle engines to work harder and consume 

more fuel. "Low-rolling resistance" tires made with rice husk ash based precipitated silica also 

grip wet road surfaces better. These efforts are going to reduce the huge amount of rice husk 

ash entering the waste stream. Tire manufacturers are planning with the companies in Asia to 

eventually process ten thousand tons of silica from rice husk ash as over 90% of the world's 

rice is produced and consumed in the Asia-pacific region [1]. 

 
Most precipitated silica for tires and rubbers is produced using high temperature furnace 

method by incinerating sand at around 1382ºC. But rice husk ash can be converted into usable 

silica for tires and rubbers at < 200ºC because of the amorphous nature of silica, which is surely 

an economic advantage. 

 
Global tire manufacturers hoped there would be momentum throughout the tire industry to use 

silica from rice husk ash. There is a concentrated effort underway in the tire industry to reduce 

its considerable carbon footprint. The ultimate goal of tire and rubber industry is to manufacture 

products using only renewable resources. Tire treads are composed primarily of natural and 

synthetic rubber, carbon black and oil. Those last three ingredients are petroleum-based, which 

has led manufacturers to explore the use of greener substitutes. Precipitated silica can reduce 

the amount of carbon black, but increases production costs of tire and rubber. Because tire 

grade precipitated silica with high surface area made from quartz sand by energy intensive 

furnace method, is very expensive (1200-1500 USD/MT) [2,3]. 

 
Besides this, precipitated silica has also been widely used in many applications including 

production of nanomaterials, plastics, in thickening and thixotropy of coatings and paints, 

printed inks, plastics and cosmetics, toothpaste, as desiccants, stabilizer, adsorbent, food 

rheology modifier and as carrier of pesticides and catalysts. 
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Technologies related to production method and applications of pure precipitated silica have 

been studied and developed throughout the world in great variety of ways. The production of 

silica at industrial scale is based on mechanical, physical, chemical, and energy-intensive 

thermal operations at high temperatures using large amounts of acids, generating significant 

volumes of effluents. The conventional silica production method is based on the reaction 

between sodium carbonate and quartz at high temperatures. After sodium silicate is formed, 

silica is precipitated in a reaction with sulfuric acid. But this method also consumes high levels 

of energy and produces large amounts of liquid effluents and greenhouse gases [4].  

 
Recently, a large amount of precipitated silica has been extracted from various types of bio 

waste such as rice husk ash, bagasse ash, sugarcane ash, perlite, etc. Several techniques such 

as acid leaching or by gasification of rice hull with a pilot flame in a modified fluidized bed as 

well as by burning the rice husk ash at high temperature have been reported for the extraction 

of silica.  

 
Rice husk has exclusive nanoporous silica layers, which have developed throughout years of 

natural evolution of the plant. This is why producing highly reactive silica from rice husk is a 

simple process with several advantages, compared with conventional production methods [5].  

 
High purity is required in several applications of silica. Silica is a basic raw material widely 

used in the semiconductors, ceramics, polymers, and materials industries. This silica is usually 

produced from quartz fused at high temperatures, which affords to obtain ultrapure 

polycrystalline silicon and silicon hydride. In addition to environmental and economic 

advantages, low-energy, simpler methods to obtain pure silica create opportunities for the 

development of new industrial applications of rice husk ash. 
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1.2  Problem Statement  
 
 
Production of precipitated silica in Bangladesh depends on the availability of two main raw 

materials including high quality quartz sand and soda ash, and fuel for high temperature 

furnace. Soda ash is usually imported; therefore, the inadequacy of the material poses a huge 

problem to the silica manufacturing industry. The shortage of natural gas for industrial sector 

in Bangladesh also creates an issue for manufacture. Burning coal in furnace causes an 

environment problem by emitting CO2 in nature. Because of these negative issues, there is no 

single manufacturing plant of precipitated silica in Bangladesh. In contrast, rice husk ash being 

produced in abundance; though, an unutilized biomass posing environmental pollution and the 

difficulty in their use will be a good source of silica for precipitated silica manufacturer. The 

hydrothermal route of producing silica from rice husk ash requires lesser temperature 

consumption hence, will be a better method of producing precipitated silica. This process 

would reduce the cost of production in addition to preventing the environmental pollution 

associated with the ash disposal. 

1.3 Objectives of the Research  
 
The objective of this research is to design and develop an economical manufacturing route for 

the production of precipitated silica from rice husk ash by alkaline extraction of amorphous 

silica, followed by precipitation of alkaline silicate at lower temperature compared to 

conventional method. The research includes investigation of the optimum reaction parameters 

of extraction and precipitation of silica from rice husk ash and to improve the quality and 

quantity of silica production.  

 
An alternative approach to synthesis of low-cost precipitated silica from plant bio-waste such 

as rice husk ash which has a significant source of high purity silica has only been explored by 

relatively few research groups. However, the narrow and isolated experimental conditions of 

previous works and lack of an optimized process have limited the engineering application of 

such results. The lack of a commercially viable route for synthesis of bulk high purity silica 

provides a good motivation to conduct further research into the feasibility of this approach. The 

present study has been undertaken to evaluate systematically and quantitatively the influence 

of various physical and chemical factors on the extraction of pure precipitated amorphous silica 

from rice husk ash, an abundant solid waste. Rice husk ash containing high silica content can 

be an economically viable raw material for production of pure precipitated silica. 
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The objective of this research is to investigate the possibility of producing low cost precipitated 

silica from rice husk ash by: 

 

▪ To obtain amorphous silica rich rice husk ash by removing metal impurities using acid 

leaching method. 

▪ To synthesize precipitated silica from locally available rice husk ash (as-received) at 

comparatively lower temperature by hydrothermal treatment to produce alkaline 

silicate followed by acid assisted precipitation of produced silicate. 

▪ To identify and optimize reaction conditions for each step of the process. 

▪ To study the fundamentals involved in the major purification process.  

▪ To investigate physical and chemical properties of precipitated silica with increasing 

and decreasing of different reaction variables. 

▪ To investigate the physicochemical properties of rice husk ash and precipitated silica 

by XRF, use of XRD to identify the pattern of silica in rice husk ash and precipitated 

silica and FESEM used to observe the topography and morphology. 

▪ To optimize a feasible and cost-effective manufacturing technology of precipitated 

silica in perspective of Bangladesh. 

 

These findings will assist in developing a feasible route for the production of high purity 

precipitated silica from locally available rice husk ash. This research will also facilitate in waste 

management since no other suitable way is found to dispose of these rice husk ashes. This 

newly developed method to produce precipitated silica will help to fulfill the local demand in 

our industrial sector. These endeavors, all together, will help to maintain not only disposal of 

rice husk ash but also save our local currency.  

 

1.4 Outline of the Thesis 
 
This thesis consists of six chapters. Chapter one introduces the research topic covered by this 

thesis. It includes background of research, problem statement, objectives, and research outline. 

 
Chapter two reviews the up to date research progress on precipitated silica manufacture from 

rice husk ash. This chapter also describes the specifications of rice husk ash and economical 

point of view with new features of the research. 
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Chapter three represents the development of cost-effective method of manufacturing 

precipitated silica. The method will be used as a performance evaluation tool to study the effect 

of various physical and operating conditions. This chapter also describe characterization 

techniques of rice husk ash, alkaline silicate and precipitated silica. The characterization 

techniques consist of physicochemical analysis of rice husk ash, sodium silicate and 

precipitated silica. SEM analysis to determine morphological characteristics and XRD analysis 

for phase identification. Different experimental methods to determine various properties of rice 

husk ash, silicate and silica are also discussed in this chapter. 

 
Results and discussions have been described in chapter four. Which include the effect of 

operating conditions on rice husk ash, process and procedures to prepare silica theoretically 

and experimentally. These operating conditions are temperature, reaction period, water content 

and strengths of chemicals used in reactions. This chapter also represents elemental and 

quantitative analysis, phase and morphological analysis of rice husk ash, sodium silicate and 

precipitated silica.  

 

Chapter five will provide cost analysis and comparisons with conventional and existing 

manufacturing methods of precipitated silica and will explain how this process will more cost 

effective than existing’s. 

 
The major findings from the study are summarized and possible future research topics are 

suggested in chapter six. 

 

 

 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER TWO 

LITERATURE REVIEW 
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2. LITERATURE REVIEW 
 

 Silicon Dioxide 
 
Silicon dioxide, also known as silica (from the Latin silex), the name given to a group of 

minerals composed of silicon and oxygen, the two most abundant elements in the earth's crust, 

is an oxide of silicon with the chemical formula SiO2, most commonly found in nature as quartz 

and in various living organisms. In many parts of the world, silica is the major constituent of 

sand. Silica is one of the most complex and most abundant families of materials, existing as a 

compound of several minerals and as synthetic product. Notable examples include precipitated 

silica, fumed silica, silica gel, and colloidal silica [6].  

 
Silicon dioxide is found in nature in mainly two forms: crystalline and amorphous. Silica is 

also a constituent of gemstones, and traces of the compound have also been found in volcanic 

rocks. It is the most abundant compound of silicon found on the earth's crust, and one of the 

most commonly found oxides. Silica in rice husk ash remain in amorphous form, while quartz 

is an example of crystalline silica. Table 2.1 and Fig. 2.2 shows the properties of sodium and 

silicon and optical images of crystalline and amorphous silica respectively. 

 

Table 2.1 Properties of sodium and silicon 

 
Sodium  Silicon 

 
▪ Group number: 1 A (alkali metals) 

▪ Period: 3 

▪ Electron configuration: 1s22s22p63s1 

▪ Positive ionic charge 

▪ Lose 1 electron to form an ion 

▪ Group number: 14 

▪ Period: 3 

▪ Electron configuration: 1s22s22p63s23p2 

▪ Common ionic charges: none 

▪ State of matter at 25ºC: solid 

   
  
 

 
 

https://en.wikipedia.org/wiki/Latin
https://en.wikipedia.org/wiki/Silex
https://en.wikipedia.org/wiki/Oxide
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Quartz
https://en.wikipedia.org/wiki/Sand
https://en.wikipedia.org/wiki/Fumed_silica
https://en.wikipedia.org/wiki/Silica_gel
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(a) 

 
(b)  

(c) 
 

Fig. 2.1 (a) Optical image of crystalline and amorphous silica; (b) Structure of crystalline 
silica; (c) Structure of amorphous silica [8]. 

 

2.1.1 Molecular structure of silicon dioxide 
 
Silica occurs in nature in more than 13 different structures, each one slightly varying from the 

others. The physical properties might be different but the chemical properties remain the same, 

irrespective of the structure. In order to get a better understanding of its many properties, it is 

important that we have a basic idea about the molecular structure of this oxide of silicon [9, 

10].The building block of the structure of silica is the SiO4 unit. The structure of crystalline 

forms of silica is represented as continuous links of the SiO4 unit. The silicon dioxide molecule 

can be described as a three-dimensional network of tetrahedra cells, with four oxygen atoms 

surrounding each silicon ion, shown in Fig. 2.2 (a). The length of a Si-O bond is 0.162 nm, 

while the normal distance between two oxide bonds is 0.262 nm. The Si-Si bond distance 

depends on the SiO2 arrangement, but is approximately 0.31 nm and the bond angle O-Si-O is 

approximately 109o. The bond angle Si-O-Si is ideally approximately 145o, but it can vary 

between 100o and 170o with minimal change in bond energy. The tetrahedral form is the basic 

unit from which a SiO2 structure is formed, even though SiO2 can exist in a crystalline structure. 

The reason for the amorphous oxide structure is the absence of any crystalline form of SiO2 

whose lattice size closely matches the silicon lattice. The tetrahedra bond together by sharing 

oxygen atoms as illustrated in Fig. 2.2 (b) in a sample six-membered ring [11].  

 

http://www.iue.tuwien.ac.at/phd/filipovic/node26.html#fig:molecule
http://www.iue.tuwien.ac.at/phd/filipovic/node26.html#fig:structure
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(a) 

 
(b) 

 

Fig. 2.2 (a) Structure of fused silica glass along with; (b) a six-membered ring structure of 
SiO2 [11].  

 
Here are some facts about the molecular structure of silicon dioxide. 

▪ The angle formed between each -O-Si-O- bond is 109.5 degrees. However, in quartz, 

this angle is around 144 degrees. 

▪ There is uneven charge distribution between parts of the tetrahedron, with the center 

being highly positive and the corners being strongly negative. This is because of the 

strong polarity of the Si-O bond. 

▪ In gaseous state, the structure of silicon dioxide forms linear O=Si=O molecules. 

▪ Each individual SiO4 tetrahedron is connected with adjacent tetrahedrons at the corners, 

forming a three-dimensional structure. 

▪ The "bridge" formed by the oxygen atoms, between the silicon atoms of adjacent 

tetrahedrons, is responsible for some of the unique properties of silicon dioxide. 

▪ The tetrahedral shape is responsible for the rigidity of the silicon dioxide molecule. 

▪ The length of the Si-O bond is 0.162 nm and O-O bond is 0.262 nm [9]. 

It might be wondering why the molecular formula of silicon dioxide is SiO2 when the structure 

shows four atoms of oxygen surrounding each silicon atom. The reason is every individual 

tetrahedron shares each of its four oxygen atoms with the neighboring tetrahedron, which 

makes the net chemical formula to be SiO2.  
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2.1.2 Physical properties of silicon dioxide 
 

Due to the tetrahedral structure, the melting point of silicon dioxide is very high. The strong 

silicon-oxygen covalent bonds get broken at very high temperatures, close to 1700ºC. Also, 

silicon dioxide is very hard and rigid, and this is again due to the strong covalent bond between 

silicon and oxygen. Due to the absence of free electrons within the molecular structure, silicon 

dioxide is a very poor conductor of electricity, and acts as an insulator. Silicon dioxide is 

insoluble in water and in all organic solvents. However, it is soluble in alkalis and hydrofluoric 

acid. The table given below enlists the values for some of the physical properties of silicon 

dioxide, both crystalline and amorphous [9]. 

Table 2.2: Physical properties of silicon dioxide [9] 

Physical Property Unit Crystalline Silica 
(Quartz) 

Amorphous Silica 

Melting Point ºC approx. 1700 approx. 1700 
Density g cm-3 2.6 2.2 
Refractive Index - 1.46 1.46 
Resistivity ohm-cm 1012 - 1016 greater than 1018 
Thermal Conductivity Wm-1K 1.3 1.4 
Poisson's Ratio - 0.17 0.165 
Coefficient of Thermal Expansion K-1 7.64 x 10-7 5.4 x 10-7 

 

2.1.3 Chemical properties of silicon dioxide 
 

At room temperature, SiO2 in all modifications is almost inert and does not react with most 

other substances. Even at moderately high temperatures silica is chemically very stable. For 

that reason, fused quartz (silica glass) is widely used for chemical apparatus, especially when 

catalytic reactions of the metal cations in ordinary glass need to be avoided. The reason for the 

low reactivity of silica is the very strong Si-O bond, but also its macromolecular structure [12]. 

A few salient chemical properties of silica are:  

▪ Being the anhydrite of an acid itself (orthosilicic acid, H4SiO4), quartz in general will not 

be attacked by acids. The prominent exception is hydrofluoric acid (HF) [13], which will 

decompose quartz to form first silicon fluoride SiF4, then hydrofluorosilicic acid:  

 
SiO2 + 6HF → H2SiF6 + 2H2O  
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▪ SiO2 is also attacked by alkaline substances (like potassium hydroxide, KOH). The speed 

of the reaction depends on the modification and crystal size. Crystalline quartz will dissolve 

very slowly in hot watery alkaline solutions, while amorphous SiO2 will be readily 

dissolved at room temperature:  

SiO2 + 2KOH → K2SiO3 + H2O  

▪ A similar reaction leads to the formation of silica gels in concrete, when the alkaline 

compounds of the concrete, typically Ca(OH)2 react with amorphous silica and 

cryptocrystalline quartz (that is, opal and chalcedony). The silica gel attracts water, swells 

and cracks the concrete within a few decades.  

 
▪ All forms of silica dissolve in molten natron (Na2CO3) or potash (K2CO3) to form silicates:  

SiO2 + K2CO3 → K2SiO3 + CO2  

▪ At high temperature, many geological environment’s quartz acts as an acid and reacts with 

many alkaline minerals. A well-known example is the formation of the mineral walstromite 

Ca3Si3O9 from quartz and calcite in contact metamorphic processes at temperatures from 

about 600ºC upwards:  

3SiO2 + 3CaCO3 → Ca3Si3O9 + 3CO2   

▪ The opposite reaction takes place at the weathering of silicate rocks, here the carbonic acid 

(H2CO3) present, for example, in meteoric waters releases silicic acid and forms carbonate 

[14].  

 
▪ Quartz is the "ore" of silicon. Silicon is retrieved at a temperature of about 2000°C in the 

following endothermic (energy-consuming) reaction:  

SiO2 + 2C → Si + 2CO  

▪ The Si-O bond is much stronger than the C-O bond, and the reaction only works because 

carbon monoxide (CO) escapes from the system as a gas, so the system's equilibrium is 

pushed to the right side. The formation of carbon monoxide instead of carbon dioxide CO2 

is typical for reductive reactions with carbon at high temperatures. The silicon formed in 

this process is not pure enough for chip production and needs to be purified in a rather 

complex procedure. So, despite the abundance of its ore, pure silicon is relatively 

expensive.  

A summary of the different chemical reactions of silica with other chemicals has been given 

in Table 2.3.



 
 

 
 

Table 2.3: Summary of the chemical reaction of silica with other chemicals 

 

Reacting Substance Reaction Conditions Main Product Formed Chemical Equation 

Strong alkalis such as 
sodium hydroxide (NaOH) 
and potassium hydroxide 
(KOH) 

Crystalline silicon dioxide dissolves very 
slowly in hot alkaline solutions, whereas its 
amorphous form reacts with alkalis at room 
temperature. 

Silicates of potassium or 
sodium 

SiO2 + 2KOH → K2SiO3 + H2O  
 
SiO2 + 2NaOH → Na2SiO3 + H2O  

Hydrofluoric acid (HF) Quartz does not react with other acids but 
dissolves in hydrofluoric acid, and the 
reaction takes place at room temperature. 

Hydrofluorosilicic acid 
(H2SiF6) 

 
SiO2 + 6HF → H2SiF6 + 2H2O  

Sodium carbonate 
(Na2CO3) and potassium 
carbonate (K2CO3) 

Silicon dioxide reacts with molten 
carbonates of sodium and potassium. 

Silicates of sodium and 
potassium (K2SiO3 and 
Na2SiO3) 

SiO2 + K2CO3→ K2SiO3+ CO2  
 
SiO2 + Na2CO3→ Na2SiO3+ CO2  

 
Calcium carbonate (CaCO3) 

At very high temperatures above 600oC, 
quartz reacts with alkaline substances such 
as limestone or calcium carbonate. 

Calcium silicate 
(Ca3Si3O9), commonly 
known as walstromite 

 
3SiO2 + 3CaCO3 → Ca3Si3O9 + 3CO2   

 
Carbon 

Natural silica or quartz reacts with carbon 
at around 2000oC to give silicon. This 
reaction is used for obtaining silicon from 
its ore. 

Silicon (Si)  
SiO2 + 2C → Si + 2CO  

 
Water 

Under high temperature and pressure 
conditions, silica is hydrolyzed by water to 
form hydroxide of silicon, which is highly 
unstable. 

Silicon hydroxide 
(Si(OH)4) 

 
SiO2 + 2H2O → Si(OH)4  
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2.1.4 Solubility of silica in water 
 
The solubility of silicon dioxide in water is dependent on temperature, pressure and, surface 

structure [15]. The following table gives an overview of the solubility at room temperature and 

normal pressure.  

Table 2.4: Solubility of silicon dioxide in water at room temperature [15] 

Different structures of  
silicon dioxide 

Solubility in Water at 25ºC 

Microcrystalline quartz 2.9 mg/l  / 6-11 mg/l 

Chalcedony 22-34mg/l 

Cristobalite 6 mg/l 

Tridymite 4.5 mg/l 

Stishovite 11 mg/l 

Quartz glass (amorphous) 39 mg/l / 120 mg/l 

 

2.1.5  Uses of silicon dioxide 
 

One of the most common uses of silicon dioxide is in food rheology modifier, where it is used 

as an additive, emulsifiers and anti-caking agent. Following are some other important 

applications of silicon dioxide. 

▪ Amorphous silica is added as fillers to the rubber during the manufacturing of tires.  

▪ Quartz is used in the glass industry as a raw material for manufacturing glass. 

▪ Silica is used as a raw material for manufacturing concrete as a reactive pozzolan. 

▪ Silica is added to varnishes because of its hardness and resistance to scratch. 

▪ Silica is used in the production of silicon. 

▪ Due to the fact that silica is a good insulator, it is used as a filler material in electronic 

circuits. 

▪ Because of its piezoelectric properties, quartz is used in transducers. 

▪ It is a substance used for making optical fibers. 

▪ Due to its ability to absorb moisture, silica is used as a desiccant. 

https://www.buzzle.com/articles/silicon-dioxide-in-food.html
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  Silicon Dioxide – Amorphous Form 
 
The desirable physicochemical and mechanical properties of amorphous silica, notably their 

mechanical resistance, high dielectric strength, and selectivity for chemical modification, 

amorphous silica has become a key material in semiconductor, microelectronics and 

chromatography [16]. Because of its unique properties, silica is quintessential for a broad range 

of applications such as chips, optical fibers, and telescope glasses. Furthermore, molecular 

biologists employ silica in resins and optical beads to study the biomacromolecules [16]. 

Although hosts of synthetic amorphous silica are produced commercially, the ones produced 

from plant origins such as rice husks have been noted to have some significant advantages over 

those from mineral and synthetic origins [17]. The Dictionary of Composite Materials 

Technology [18] defines amorphous silica as a naturally occurring or synthetically produced 

oxide of silicon characterized by the absence of a pronounced crystalline structure and whose 

X-ray diffraction patterns have no sharp peaks. This type of silica may be anhydrous or have a 

significant water of hydration in its structure. In particular, the processing steps for extracting 

amorphous silica from plant source are relatively simple and require no elaborate infrastructure 

or consumption of costly reagents as in the case of the synthetic processes. In addition, the final  

silica powder produced from plant sources contains a narrow range of metal oxide impurities, 

which makes them exceptionally desirable in applications where high purity silica at modest 

cost is a necessary prerequisite [17]. A typical X-ray diffraction pattern of amorphous silica 

produced from rice husk combustion is shown in Fig. 2.3 [19]. 

 

 

Fig.2.3 Typical XRD pattern of amorphous silica from RHA [19]. 
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The classification of amorphous silica into gel or powders largely depends on the bond 

strengths between the ultimate colloidal particles. Silica gels are characterized by a coherent 

three-dimensional network of contiguous particles whilst silica powders consist of small 

granules of silica gel or aggregates of submicron particles that are weakly linked together [19]. 

Precipitated silica is an amorphous form of silicon dioxide (SiO2) produced 

by precipitation from a solution containing silicate salts. It is a relatively pure form of the 

mineral silica, which is produced by the chemical process known as precipitation. Sodium 

silicate and sulfuric acid are the raw materials used to produce precipitated silica. Large 

quantities of these materials are mixed with water simultaneously in measured amounts while 

under constant agitation. The two chemicals react with each other as sodium silicate is alkaline 

and sulfuric acid is a strong oxidizer. The overall pH of the mixture is kept alkaline, because 

the precipitation reaction is not as vigorous under neutral or acidic conditions. While other 

acids would also work to create the conditions necessary to precipitate silica. However, sulfuric 

acid is used almost exclusively [20]. 

 
Fig. 2.4 Structure of precipitated silica [20]. 

 
In chemical precipitation, a solid form from a liquid due to a chemical reaction. Precipitated 

silica is formed by mixing solutions of sodium silicate with sulfuric acid in water. A chemical 

reaction occurs, and pellets of pure silica form. The physical properties of the resulting silica 

can vary slightly depending on the exact conditions under which the precipitation reaction takes 

place. Changes in temperature, concentration of the solutions used, and the ratio of the 

ingredients in the mixture can all alter the physical properties of the silica particles. 

Manipulating these conditions lead to change the size and porosity of the silica grains [20]. 

http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
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 After the silica has formed, it is separated from the solution, cleaned, and dried. This involves 

washing the silica to remove all traces of chemical salts and by-products of the precipitation 

process. The washing and drying process can also affect the character of the particles [20]. 

Particle size, porosity, and density can all be manipulated this way to some extent. 

Manufacturers can prepare precipitated silica in a number of ways depending on its intended 

use by the customer. 

2.2.1 Physicochemical properties of precipitated silica 
 
BET surface area 

Brunauer, Emmett and Teller developed the process of calculating the surface area of 

precipitated silica. This method of calculating the surface area is popularly known as BET 

surface area. 

pH value 

The pH value of precipitated silica is generally in neutral range. It is determined 

electrometrically with a glass electrode and pH meter. 

Drying loss 

There is very small amount of physically bonded water content in precipitated silica. The major 

part of this water content is removed by drying in drying cabinet at 105ºC for 2 hours. 

Ignition loss 

Precipitated silica contains chemically bonded water in the form silanol groups is also removed 

after 2 hours of ignition time at 1000ºC. The ignition loss is determined with the substance that 

has previously been dried for 2 hours at 105ºC [21]. 

SiO2 content 

Silicon dioxide content is determined either gravimetrically by fuming off with hydrofluoric 

acid, or by X-ray fluorescence (XRF).  

 

 

http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
http://www.antenchem.com/en/News/Silicas-Technology/Specialtysilicasforecast.html
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Sieve residue 

Sieve residue is determined by using Mocker apparatus. In this process the silica suspension is 

washed through the sieve with 4 bar water pressure. 45-micron sieves (325 mesh) is used for 

this process. The sieve is then dried and sieves residue is weighed. 

Tamped density 

The tamped density is calculated from the initial weight of the sample and the resulting volume, 

reported in g/l. It is used for the purpose of calculating weight of product in powder form. 

DBP absorption 
 
The DBP absorption is a numerical value used to indicate absorptive capacity of filler. Owing 

to the automatic measurement process, this method can be carried out more accurately than the 

determination of the oil absorption. The DBP absorption capacity is influenced by other 

parameters, such as the particle size.  

2.2.2 Manufacturing process of precipitated silica from silica source  
 
Manufacturing process of Precipitated silica is commonly divided into two stages including 

silica extraction by alkaline solution and silica precipitation by acid.  

Extraction of silica from silica sand as sodium silicate is commonly done by roasting soda ash 

(sodium carbonate, Na2CO3) and silica sand (a ubiquitous source of SiO2) in a furnace at 

temperatures between about 1000-1400ºC, a process that gives off carbon dioxide (CO2) and 

produces sodium silicate (Na2SiO3); usually represented by its two constituents, Na2O and SiO2 

[22]: 

Na2CO3 + SiO2 → (Na2O) ·(SiO2) + xCO2   

This roasting produce fused glassy lumps called cullet, which can be fed into pressurized 

reactors for dissolving in hot water. The solution is cooled to a viscous liquid and used to 

produce precipitated silica [23]. 

https://www.merriam-webster.com/dictionary/ubiquitous
https://www.britannica.com/science/carbon-dioxide
https://www.merriam-webster.com/dictionary/constituents
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Fig. 2.5 Basic flow diagram of producing sodium silicate by furnace route. 

 
Sodium silicate liquid can also be prepared directly by dissolving silica sand at high pressure 

in a heated aqueous solution of caustic soda (sodium hydroxide, NaOH):  

SiO2 + 2NaOH → Na2O·SiO2 + H2O  
 

 
 

Fig. 2.6 Basic flow diagram of producing sodium silicate by hydrothermal route. 

 
The production of precipitated silica starts with the reaction of an alkaline silicate solution with 

a mineral acid (mostly sulfuric acid). Sulfuric acid and sodium silicate solutions are added 

simultaneously with agitation to water. Precipitation is carried out under alkaline conditions. 

The choice of agitation, duration of precipitation, the addition rate of reactants, their 

temperature and concentration, and pH can vary the properties of the silica. The formation of 

a gel stage is avoided by stirring at elevated temperatures. The resulting white precipitate is 

filtered, washed and dried in the manufacturing process.  

 
Na2SiO3 + H2SO4 → SiO2 + Na2SO4 + H2O  

Amorphous silicate powders are prepared by drying aqueous solutions by means of spray or 

drum dryers. These products may then be further treated in order to modify powder properties, 

e.g. particle size, bulk density [24]. 

https://en.wikipedia.org/wiki/Silicate
https://en.wikipedia.org/wiki/Mineral_acid
https://en.wikipedia.org/wiki/Sulfuric_acid
https://en.wikipedia.org/wiki/Sodium_silicate
https://en.wikipedia.org/wiki/Precipitation_(chemistry)
https://en.wikipedia.org/wiki/Alkaline
https://en.wikipedia.org/wiki/Agitation_(action)
https://en.wikipedia.org/wiki/Precipitate


20 
 

Rice husk ash, a waste product generating from rice mills is rich in silica. Several methods 

have been developed by research groups to produce pure amorphous silica from rice husk ash. 

Among them few methods developed based on alkaline extraction followed by acid 

precipitation. A simple method based on alkaline extraction followed by acid precipitation was 

developed by U. Kalapathy [30] to produce pure silica xerogels from rice husk ash, with 

minimum mineral contaminates. Xerogels produced from rice husk ash had 93% silica and 

2.6% moisture. 

An inexpensive chemical method was used by Sanker et al. [25] to synthesize biogenic 

mesoporous silica from rice husk ash. The microstructure, elemental, chemical bonding, 

functionality, porosity, and mass-loss of mesoporous silica nanopowder were evaluated by 

different characterization techniques. 

High purity silica was produced by Bakar et al. [26] through controlled combustion of rice husk 

after acid treatment. In this study, leaching of rice husk with hydrochloric acid and sulfuric 

acid were carried out prior to combustion to obtain pure silica. Liou and Yang [27] investigated 

a dissolution-precipitation technique as a function of acid treatment, sodium silicate 

concentration, gelation, pH, aging temperature and aging time to establish optimum conditions 

for preparing silica nanoparticles. 

 

A recyclable technology was developed for preparation of silica powder using rice husk ash 

and NH4F by Xiaoyu Ma et al. [14]. The microstructure and morphology analysis of the 

precipitated silica powders were characterized in this study. A new process for the synthesis of 

zeolites and wollastonite from RHA colloidal silica was developed by Fernandes [28]. The 

process was aimed at lower energy costs, fewer stages and fewer reactants consume. 

 

The potential and limits of rice husk to prepare relatively pure activated silica were investigated 

through the study of Yalcin [29]. For the activated silica, rice husk samples were submitted to 

a chemical pre-and post-treatment using HCl, H2SO4 and NaOH solution. After incinerated at 

600ºC under static air and flowing atmospheres, the final product was characterized in terms 

of silica content, particle size distribution and morphology, specific surface and porosity. On 

the other hand Conradt et al. [31] in their study used chemical pre-treatment using cellulose 

enzyme, NaOH, HCl, H2SO4 solution. 
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 Silica originating from rice husks has been proposed by Riveros and Garza [32] for use in the 

manufacture of solar cells. In this study 99.98% pure silica was obtained for further 

investigation of manufacturing of solar cells. 

 



 
 

 
 

Table 2.5: Different approaches to produce high purity amorphous silica from rice husk ash 

 
Study Objective Summary of method used Main results 

Sankar et 
al. [25]  

To produce nanosilicon powder 
from three kinds of rice husk.  

▪ Combustion of rice husk in the open furnace. 
▪ Acid leaching  
▪ Incineration at 700ºC under atmospheric conditions  

Spherical, completely amorphous silica particles with large 
specific surface area and composed only by Si and O from all 
kinds of rice husk.  

Bakar et al. 
[26]  

To investigate the ideal conditions 
to obtain high purity silica.  

▪ Washing of rice husk with water  
▪ Acid leaching  
▪ Incineration at 500, 600, 700, 800, and 900ºC for 2 h 

under atmospheric conditions  

All silicas had amorphous particles, and rice husk leached with 
HCl produced the highest content of silica (99.582%) at 600 
ºC.  

Ma et al. 
[14] 

To develop a new, recycling-based 
technique to produce silica from 
rice husk ash.  

▪ Acid leaching of rice husk ash 
▪ Extraction in reactor with NH4F  
▪ Acid precipitation of silica  

Spherical, completely amorphous silica particles measuring 50 
to 60 nm in diameter and containing only Si and O, with yield 
of 94.6%.  

Liou and 
Yang [27]  

To investigate the effect of 
experimental conditions on the 
characteristics of the nanosilica 
obtained.  

▪ Leaching of rice husk with water and then HCl  
▪ Incineration  
▪ Extraction with NaOH, forming silicate  
▪ Precipitation  

Best results with pH 3, silicate 0.15 M, aging time of 12 h at 50 
ºC, with 99.48% purity silica.  

Fernandes 
[28] 

To evaluate the leaching of rice 
husk ash with NaOH to easily 
obtain highly reactive colloidal 
silica.  

▪ Extraction of silica with NaOH 1M  
▪ Precipitation using H2SO4 drop by drop  

The best Si:Na mass ratio was 4:1, and the highly reactive 
colloidal silica was obtained at low energy investment.  

Yalçin and 
Sevinç [33]  

To obtain high purity silica with 
large specific surface area and to 
evaluate the competitiveness of 
silica from rice husk.  

▪ Washing of rice husk with water  
▪ Chemical treatments (acid leaching, alkaline leaching)  
▪ Incineration at 600ºC under different conditions (static 

oven, argon flow, oxygen flow, air flow)  

Amorphous silica particles with maximum specific surface 
area of 321 m2/g 99.66% purity, depending on the treatment. 
The highest purity silica was obtained with prior acid treatment 
and incineration in oxygen atmosphere.  

Kalapathy 
et al. [30] 
 

Investigate the efficacy of acid 
leaching of rice husk ash before 
alkaline extraction and washing of 
sílica obtained with water.  

▪ Acid leaching  
▪ Extraction of silica with NaOH  
▪ Precipitation with HCl  
▪ Washing with water  

Initial acid leaching did not improve purity, the washing with 
water reduced Na and K levels, and silica yield was excellent 
when extraction was carried out with NaOH 1 N.  

Conradt et 
al. [31] 

To obtain high purity silica with 
large specific surface area and to 
evaluate the competitiveness of 
silica from rice husk.  

▪ Washing rice husk with water  
▪ Different chemical treatments (acid leaching, alkaline 

leaching, and enzymatic digestion)  
▪ Incineration at 600ºC  
▪ (static oven, argon flow, oxygen flow, air flow) 

Except for leaching with NaOH, all other treatments produced 
amorphous silica with large specific surface area, and high 
purity silica was obtained with acid leaching with HCl.  

Riveros 
and Garza 
[32] 

To optimize the production of silica 
from rice husk.  

▪ Washing rice husk with water  
▪ Acid leaching  
▪ Incineration  
▪ Leaching of rice husk ash  

Silica with approximate purity of 99.98% with three washing 
cycles, 6-h acid leaching, 6 leaching cycles with HCl 3% at 
90ºC, and the main contaminant was Ca (100 ppm).  
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Table 2.5 makes it clear that many approaches have been developed to produce high purity 

amorphous silica with large surface area using rice husk or rice husk ash. Several studies used 

alkaline extraction sol-gel method, which forms silicates, followed by silica precipitation by 

reaction with an acid. 

 
From the state-of-the-art literatures it is established that amorphous silica from rice husk ash 

can be obtained by alkaline extraction at low temperature. Also, at pH below 10, the solubility 

of amorphous silica is very low, but it rises suddenly when pH is increased above that. This 

solubility profile affords to extract silica from rice husk ash by solubilization in alkaline 

medium and subsequent precipitation at lower pH values. Consuming comparatively lower 

amounts of energy, the alkaline extraction of silica by solubilization is not as costly or 

damaging to the environment as that of quartz fusing method. 

 

Chemical and mechanistic aspects of silica formation 

Amorphous silica is formed by a complex inorganic polymerization process with orthosilicic 

acid as the monomeric building block. Solubility of monosilicic acid Si(OH)4 is limited to a 

concentration of 2 mM in aqueous solutions of neutral pH and de-protonation at pH values 

above 9 gives silicate anions SiO(OH)3 [34,35]. Neucleophilic substitutions between silicate 

anions and silicic acid molecules lead to condensation reactions that form siloxane bonds (Si-

O-Si). Silicic acid molecules react to form highly dense, branched polysilicic acid species. 

These colloidal silica particles have sizes in the nanometer range. Depending on the pH and 

the presence of salts or other additives such as silica sol can undergo a variety of reactions. At 

pH values below 7, there is only weak electrostatic repulsion between the colloidal silica 

particles due their uncharged surfaces and the colloidal particles aggregate to fibrillar, branched 

chain forming a gel. At pH values above 7, negative charges on the surfaces of the colloidal 

silica particles dominate and induce electrostatic repulsion. Therefore, colloidal silica particles 

form a stable sol and the particles grow by the Ostwald ripening process [34,36]. The addition 

of a cationic flocculant to a silica sol leads to fast precipitation of silica particles. Cationic 

species adsorb to silica surfaces and bring them close together resulting in coagulation of 

particles. Alternatively, cationic species, e.g., polyamines are suggested to stabilize the 

pentavalent transition state of the condensation reaction between silicic acid molecules and 

therefore further promote silica flocculation [31,37,38]. 
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  Demand of Precipitated Silica in Various Market 

2.3.1 Precipitated silica market worth 2.23 billion USD by 2021  
 
The global precipitated silica market is projected to reach USD 2.23 billion by 2021, at a CAGR 

of 9.1% from 2016 to 2021. High demand for precipitated silica from the tire and rubber 

products industry is expected to drive the growth of the market in near future [39]. 

 

Precipitated silica market, by geography, 2021 (USD Billion) 

 
Fig. 2.7 Global precipitated silica market by geography [39]. 

 
Automobile end-use industry segment contributed the largest share to the precipitated silica 

market, by end-use industry in 2015, and is projected to be the fastest-growing end-use industry 

segment from 2016 to 2021. This growth can be mainly attributed to the increased demand of 

precipitated silica from the automotive tire industry, as precipitated silica provides enhanced 

properties to the tire such as reduced rolling resistance, increased traction, and high wear 

resistance [39]. 

Rubber segment contributed the largest share to the precipitated silica market, by application 

in 2015, and is projected to be the fastest-growing application segment from 2016 to 2021. This 

growth can be attributed to the increased demand of precipitated silica in rubber products, as it 

acts as a reinforcing filler and increases the strength and durability of rubber [40]. 
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Asia-Pacific was the largest market for precipitated silica market in 2015, owing to the rise in 

demand of precipitated silica in this region. This increased demand can be attributed to the 

growing demand for automotive tires, personal care products such as toothpastes, footwear, 

and pesticides in the region. China, India, and Japan are the leading countries in terms of 

production and consumption of precipitated silica in Asia-Pacific. Low cost of raw materials 

and labor as well as the high demand from end-use industries such as tires, toothpastes, and 

others are expected to drive the growth of the precipitated silica market in these countries. 

Key players operational in the precipitated silica market include Evonik Industries AG 

(Germany), PPG Industries Inc. (U.S.), W.R. Grace and Co. (U.S.), Tosoh Silica Corporation 

(Japan), Solvay SA (Belgium), Huber Engineered Materials (U.S.) and Oriental Silica 

Corporation (Taiwan) [41]. 

 

Fig. 2.8 U.S Precipitated Silica market revenue, by application, 2012 - 2022 (USD Million) 
[41]. 

 

2.3.2 Analysis of imports of precipitated silica from India to Bangladesh 
 
India is the major exporter of precipitated silica to Bangladesh and exported worth USD 2.24 

million with total quantity of 2,190 MT from 2014-2016. Mundra accounted for 79.4% of 

exports followed by Petrapole Road and Sabarmati ICD which account for 10.5% and 7.5% of 

exports respectively. Average price of precipitated silica per kg is USD 1.02 and average value 

per shipment is 11.8 MT. 
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Fig. 2.9 shows the quantity (line) and value (bar) of imported precipitated silica form India. 

 
 

Fig.2.9 Total quantity and value of imports of precipitated silica 2014 – 2016 [42]. 

 

  Industrial Application of Precipitated silica 

2.4.1 Non-rubber grade precipitated silica 
 
Toothpaste and toothpowder 
 
 

Precipitated silica is used in manufacturing transparent and medicated toothpaste wherein it 

acts as cleaning, polishing, and whitening agent. The product is used as mild abrasive cleaners 

and thickeners owing to maximum fluoride compatibility. Furthermore, the compound is used 

in toothpaste formulations on account of its whitening and cleaning properties to meet 

dentifrice applications. These products act as thickeners to maximize the fluoride compatibility 

and help minimize tooth sensitivity. 

 
Precipitated silica used in oral care was valued at over USD 180.0 million in 2014 [43]. The 

increasing use of the product in toothpaste industry is expected to propel the market demand 

over the forecast period. Growing use of dental silica as thickeners in toothpaste improves the 

shelf life of the product. Additionally, this product also acts as thickeners and cleaning agents 

in varied dentifrice products owing to its compatibility with organic hydrocolloids. 

 
Pesticides  
 
Precipitated silica is used as a carrier and diluent in pesticides. In comparison with cheaper 

clays, it has high absorption, easier suspensibility, better compatibility with most toxicants and 

better stability even after extended storage under tropical condition [44]. 
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Printing ink  

 
Precipitated silica is used as a thickening and suspending agent to prevent set off, picking, and 

heighten brilliance [44]. 

 
Salt 

 
Precipitated silica provides free flowing characteristics in salt and prevents caking. It does not 

have any effect on taste, odor, color and nature of the salt [44]. 

 
Coatings 
 
Precipitated silica is used as thickening, thixotropic, antisettling agent and as matting agent at 

high concentration. It also reduces gloss and gives satin sheen in nitrocellulose furniture 

lacquer. It is also preferred in aluminum extrusion coating and coil coating with long 

guaranteed life and reduces gloss at all viewing angles. It is gaining use in high solid pigmented 

metal office furniture finish [44]. 

 
Fire extinguishing powders 
 
Precipitated silica ensures extremely good humidity protection due to its hygroscopic nature, 

so extinguishers remain fully operational even after extended storage [44]. 

2.4.2 Rubber grade precipitated silica  

Rubber application is expected to witness substantial growth among other applications, 

growing at a CAGR of over 7.2% of the overall volume share from 2015 to 2022. Increasing 

application scope of the compound in manufacturing conveyor belts, transmission belts, rice 

rollers, PVC sheets, thermoplastic rubbers, shoe soles, and silicon tubes are expected to have a 

positive impact on precipitated silica market growth. Growing green tire applications on 

account of its benefits offered such as optimized fuel consumption and reduced rolling 

resistance is expected to propel the market demand [43]. 

 
Adhesive 
 
Precipitated silica is useful to enhance bond strength and as a reinforcing and thickening agent 

[44]. The dispersed silica particles within a liquid adhesive harden fast when it is in contact 

with solid surface, in both natural and synthetic rubber-based adhesive. 

Silica provides thixotropy, reinforcement and promotes adhesion as well as serves as extenders; 
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therefore, it raises quality and lowers cost. It is also used to adjust rheology and provide 

reinforcement. 

 
Silica prevents resin separation and the settling of pigments and heavy fillers [44].  

It prevents excessive penetration of adhesive into porous adherents. It improves flow control 

and heat resistance of hot melts in application. 

 
It serves as a free-flowing agent for spray dried resins [44]. Fig. 2.10 shows the different uses 

of adhesive. 

 

 

   

 
Fig. 2.10 Different uses of precipitated silica as adhesive. 

Shoe soles 
 
Precipitated silica is used in shoe soles for its resistance to wear and tear, its non-scuffing 

characteristics and to obtain compounds with light color or even transparent materials. It 

provides superior durability and resilience and improved modulus. Precipitated Silica provides 

superior durability and resilience while improving compound stiffness for all types of rubber 

soled footwear [44]. 

 

   

 
Fig. 2.11 Precipitated silica is used in all types of rubber soled footwear. 
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Conveyor belt and transmission belt  
 
Precipitated silica is used to improve the tear strength due to its small particle size and complex 

aggregate structure [45]. It imparts the highest degree of reinforcement to elastomer 

compounds. Precipitated silica is used to prevent from cracking and cut growth of conveyor 

belts and power transmission belts. 

▪ Provides higher tensile strength 
▪ Provides longer life and durability 
▪ Imparts abrasion resistance 
▪ Improves tear resistance  
 

   

Fig. 2.12 Precipitated silica is used to improve strength of rubber belts. 

 
PVC sheets 
 
Precipitated silica is used to improve pigment dispersion and acts as a parting agent and as an 

absorbent to improve the flow and imparts a dry feel to the compound. 

▪ Improves tear resistance 

▪ Acts as reinforcing agent 

▪ Provides higher tensile strength 

▪ Provides longer life and durability 

 

    

 
Fig. 2.13 Precipitated silica is used to improve pigment dispersion and act as a pairing 

                             agent in PVC sheets.  
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Railway pads 
 
Precipitated silica is used in railway pads for the following reasons: 

▪ Provides increased abrasion resistance and strength  

▪ Provides superior durability and resilience and improved modulus 

 

   

 

Fig. 2.14 Precipitated silica is used to increase abrasion properties and durability of 
                       railway pads. 
 
Rice rollers and rubber rollers 
 
Precipitated silica is used in rubber rollers and rice rollers for following reasons: 

 

▪ Improves the abrasion resistance and stiffness 

▪ Improves tear resistance 

▪ Acts as reinforcing agent 

▪ Provides higher tensile strength 

▪ Provides longer life and durability 

 

   

 

Fig. 2.15 Rice rollers and rubber rollers. 
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Rubber products and rubber hoses 
 

In industrial rubber, precipitated silica confers superior strength and durability on industrial 

rubber belts and rubber hoses together with improved heat resistance and tear strength. It also 

improves adhesion in wire and fabric coat compounds and allows for rapid and easy processing, 

resulting in smooth finished surfaces in molded products [44]. 

 

   

  

 

  

 
Fig. 2.16 Rubber products and rubber hoses. 

 
Silicon tubes 

 
Silicon rubber is used in a number of applications where its unique properties provide a 

substantial benefit. Many of these properties are highly dependent on the type and quantity of 

filler used in the compound. Particular silicon rubber applications have certain physical 

strength requirements, for example wire and cable, medical and surgical, belting, hose, tubing 

and various fuel-resistant rubbers uses. When physical strength is a primary concern, 

reinforcing silica is the filler of choice [44]. 

 
Precipitated Silica is used in Silicon Rubber for following reasons: 

▪ Improves process ability of raw mixture  

▪ Offers resistance to heat aging  

▪ Minimizes crape hardening  

▪ Provides superior resilience and compression set 
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Fig. 2.17 Silicon tubes. 

Rubber and solid tires 
 

Precipitated Silica is used in tire industry to improve the tear resistance of truck and heavy 

equipment tires and also to enhance adhesion between the metallic reinforcement and the 

rubber of radial tires [45,46]. Nowadays, use of precipitated silica have been extended to 

passenger car tires as well. 

 
Precipitated Silica is also used in “Green Tires” due to excellent dispersion capacity and low 

rolling resistance and improves their longevity and adherence.  

 

   

 

Fig. 2.18 Rubber and solid tires. 

Textile cots and aprons 
 

Precipitated silica is used for reinforcing silica for textile cots and Aprons.  
 

    
 

Fig. 2.19 Textile cots and aprons.
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3. EXPERIMENTAL METHODOLOGY 
 

 Introduction 
 
In order to produce precipitated silica by using chemical extraction and precipitation method, 

several precautions must be taken into considerations. The appropriate methodology has 

significant impact for conducting experimental research so that the most accurate results can 

be obtained and optimum parameters can be found.  

 
In chemical precipitation method of producing precipitated silica, a solid form from a liquid 

due to a chemical reaction. Precipitated silica is formed by mixing of solutions of sodium 

silicate with sulphuric acid in water. A chemical reaction occurs, and pellets of pure silica form. 

The physical properties of the resulting silica can vary slightly depending on the exact 

conditions under which the precipitation reaction takes place. Changes in temperature, 

concentration of the solution used, and the ratio of the ingredients in the mixture can all alter 

the physical properties of the silica particles.  

 

After the silica has formed, it is separated from the solution, cleaned and dried. This involves 

washing the silica to remove all traces of chemical salts and insoluble impurities of the 

precipitation process. The washing and drying process can also affect the characteristics of the 

particles. Particles size, porosity and density can all be manipulated this way to some extent. 

 

This chapter elaborates the experimental approach followed throughout this research work 

from the pretreatment method until the characterization of the rice husk ash and precipitated 

silica.  
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  Schematic Representation of Research Work 
 
Silica has been obtained by alkali extraction of rice husk ash in presence of sodium hydroxide 

(NaOH) at 120-170ºC temperature, while kept pressure at 1-8 atm. Silica extracted as sodium 

silicate and then precipitate using sulphuric acid. Afterwards, it was dried and milled. Fig. 3.1 

shows the schematic diagram of the research work to produce precipitated silica from rice husk 

ash. 

 
 

 
The scheme of experimental work is presented: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

v 

 

 

Rice Husk Ash (RHA) 

Characterization of rice husk ash 

Amorphous silica rich rice husk 
ash 

 

Acid leached rice husk ash 
 

Alkaline extraction by NaOH 
 

Sodium Silicate 

Analysis of sodium silicate 
 

Acidified with sulphuric acid 
 

Precipitated Silica 
 

Characterization of precipitated 
silica 

Pretreatment: Acid leaching of 
rice husk ash 

 

Characterization 

▪ XRF (X-ray fluorescence) to determine 
chemical composition and purity of rice 
husk ash and precipitated silica 

▪ FESEM to understand topography 
morphological characteristics of rice husk 
ash and precipitated silica 

▪ XRD analysis to identify phase structure 

▪ Chemical extraction method to determine 
extractable silica content present in rice 
husk ash. 

▪ Chemical titration method to determine 
alkali content and silica content in sodium 
silicate 

▪ Measurement of Solid content in sodium 
silicate by furnace drying method 

▪ Bulk density of precipitated silica 

▪ Particle size analysis of precipitated silica 

Fig. 3.1 Schematic diagram of the research work. 
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The materials required for this research includes: 
 

▪ Rice husk ash (RHA) 

▪ Caustic soda flakes (Sodium Hydroxide - NaOH) 

▪ Commercial grade hydrochloric acid (HCl) 

▪ Commercial grade sulphuric acid (H2SO4)  

  Rice husk ash (RHA) 
 
The rice husk ash as main silica source, used in this research, was collected from different rice 

mills of different areas stated in following table. The rice mills currently dispose the rice husk 

ash in open environment which creates environment pollution. Quality of rice husk ash is 

completely depending on the design of the boiler. By reviewing literatures, high purity 

amorphous silica contain rice husk ash can be obtained from fluidized bed combustion system 

at 700-800ºC.  

 
Rice husk ash has no commercial value. So, the cost includes labor cost and delivery cost. If 

rice husk ash is collected from own FBC boiler (fuel: Rice Husk) used in the production of 

precipitated silica, it adds negligible cost on the production cost. 

 

Table 3.1: Rice husk ash collected from various rice mills in Bangladesh 

Sl. 
No. 

Rice Mill Zone Design of Boiler Percentage of 
Silica 

No. of Sample 

1.  Mymensingh, Dinajpur 
and Rajshahi zone 

Fluidized bed combustion 
(FBC) boiler 

95-97%  3 nos. 

2.  Sherpur zone FBC and Reciprocating 
boiler 

85-90% 1 no. 

3.  Natore and Bogura  Do 85-90% 2 nos. 
4.  Comilla zone Chain grate stoker boiler 80-85% 1 no. 
5.  Brahmanbaria zone Do 80-85% 1 no. 
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Fig. 3.2 Rice husk ash as-received collected from various rice mills. 
 

  Other Chemicals  

Among chemicals used in this study include HCl, NaOH and H2SO4. All chemicals were used 

as received without any purification. 

 
Table 3.2: Summary of chemical used in this process 

 
Sl. 
No. 

Name of the 
chemicals 

Source Specification Function 

1.  Hydrochloric 
acid, HCl 

Samuda 
Chemicals  

Commercial grade:  

32-33% purity 

For acid leaching of rice 
husk ash 

2.  Caustic soda 
flakes, NaOH 

Samuda 
chemicals 

Commercial grade:  

98-98.5% purity 

For alkaline extraction of 
rice husk ash 

3.  Sulphuric acid, 
H2SO4 

TSP Super 
Complex 

Commercial grade:  

96% purity 

Neutralization of sodium 
silicate 

 

3.4.1 Commercial grade caustic soda flakes (NaOH) 
 
Caustic soda flakes were used as the alkali (sodium oxide-Na2O) source to extract amorphous 

silica from rice husk ash. It was collected obtained from local manufacturers. Furnace method 

of sand process use sodium carbonate as their alkali source which is 100% imported from 

foreign country. Price of Commercial grade caustic soda flakes is around 40-45 Tk per kg in 

Bangladesh. 
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3.4.2 Commercial grade hydrochloric acid (HCl) 
 
Hydrochloric acid was used to remove the metal impurities from rice husk ash by acid leaching 

treatment. Hydrochloric acid was collected from local manufacturers. It’s a very low-cost 

product as 5-6 Tk per liter of commercial grade hydrochloric acid. 

3.4.3 Commercial grade sulphuric acid (H2SO4) 
 
Sulphuric acid was used to precipitate the silica from sodium silicate solution produced from 

alkaline extraction of rice husk ash by acid precipitation method. Sulphuric acid was collected 

from local manufacturers. It’s a low-cost product as 13-15 Tk per liter of commercial grade 

sulphuric acid. 

  Chemical Reagents  
 
The reagents used in this research are given in table below. 

 
Table 3.3: Summary of reagents used in this research 

 
Sl. 
No. 

Name of the reagents Purity  Functional area 

1.  Sodium hydroxide pellets 99%  Determination of silica content in rice husk ash 
2.  Lab grade HCl 37%  Determination of alkali content by chemical 

titration 
3.  Sodium carbonate 

anhydrous 
99% Standardization of hydrochloric acid solution 

4.  Methyl orange 99% Indicator 
5.  Silver nitrate - To check chloride impurities 
6.  Nitric acid   
7.  Barium chloride - To check sulphate impurities 
8.  Hydrofluoric acid - Determination of purity of silica 
 

  Equipment and Instrument 
 

The lab equipment used in the research work includes:  

▪ Glass beaker  
▪ Conical flask  
▪ Bottle neck kettle  
▪ Electronic weighing balance  
▪ Hotplate magnetic stirrer 
▪ Nickel crucible 

▪ Vacuum filtration system 
▪ Pressure vessel 
▪ Muffle furnace 
▪ Hot air oven 
▪ Desiccators 
▪ Platinum crucible 
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 Characterization Techniques 

The bulk of the received rice husk ash, sodium silicate after alkali extraction and desired 

product precipitated silica having high purity by acid neutralization was characterized by 

FESEM for topography and morphological information, XRF for determine chemical 

composition and XRD for determine phase structure. 

 

Table 3.4: Summary of characterization equipment 

 
Sl. 
No. 

Name of the 
apparatus 

Specification 

1.  FESEM JEOL JSM-7000F FESEM 
With Schottky field emission gun 

2.  XRF LAB CENTER XRF -1800 
250 µm mapping for wavelength dispersive analysis; 4 kw 

thin window X-ray tube 
3.  XRD Empyrean XRD by PANalytical (Netherlands) 

 

 Experimental Methods 

In this new process, precipitated silica is manufactured by using rice husk ash as a source of 

silica and this ash (as-received) was then reacted with sodium hydroxide which yields the 

sodium silicate, which on further reacting with sulphuric acid gives precipitated silica along 

with by-product sodium sulphate. The basis of advantages of this proposed process is first the 

rice husk ash with higher amorphous silica content. The process to extracts all the silica 

contents from the rice husk is just by burning the rice husk under controlled conditions of air 

and temp, which is conducted in fluidized bed furnace and by this condition we can get the 

clear white ash in the furnace. The basic steps in the production of precipitated silica are,  

 
▪ Characterization of rice husk ash to select suitable rice husk ash for maximum 

productivity 

▪ Acid leaching treatment of rice husk ash to remove metal impurities 

▪ Dissolution of amorphous silica of rice husk ash in alkaline solution at specified 

temperature and pressure 

▪ Separation of solid carbon residue from diluted sodium silicate solution using advance 

filtration technique named pre-filter. 

▪ Precipitation of silica from sodium silicate solution using acid at specified temperature 
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▪ Removal of sodium sulphate produced in acid precipitation stage as by-product by hot 

water washing method. 

▪ Aging at specific temperature to get desired surface area. 

▪ Drying at 110ºC 

▪ Pulverizing and sieving to get desired particle size.  

The following two reactions are mainly described the process. 

3.8.1 Alkaline extraction of rice husk ash 

The amorphous silica content of rice husk ash is reacted with alkali content of sodium 

hydroxide to extract silica in the form of sodium silicate at 120-170ºC. Yield of silica is 

completely depending on temperature.  

                    (120-170ºC) 
                          SiO2     +      2NaOH                        Na2O.SiO2     +      H2O 
                              (RHA)      (Sodium Hydroxide)                (Sodium Silicate)          (Water) 
 

3.8.2 Precipitation of silica 

The silica content of sodium silicate is then precipitated by neutralizing sodium silicate solution 

using sulphuric acid. Reaction can occur at room temperature but to get desired properties, 

boiling temperature is introduced.   

                   (100ºC) 
                 Na2O.SiO2      +      H2SO4                       Na2SO4    +  SiO2  +  H2O  
              (Sodium Silicate)       (Sulphuric acid)             (Sodium Sulfate)   (Silica)    (Water) 
 

  Characterization of Rice Husk Ash by Analytical Methods 

The samples of rice husk ash were collected from the local auto rice mills in 1st half of year in 

2014. The collected raw material rice husk ash was analyzed for investigating the following 

properties:  
 

▪ Moisture content of rice husk ash by oven drying method  

▪ Extractable amorphous silica content in rice husk ash using alkaline extraction of the 

ash.  

▪ Loss on ignition (LOI) was carried out by igniting the sample at 950ºC for 2 hours.  
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3.9.1 Determination of moisture content of rice husk ash 
 
The moisture content of the rice husk ash was determined by the drying oven method. A petri 

dish was cleaned and dried at 110ºC for 1 hour. After 1-hour, dry hot petri dish was cooled in 

desiccator for 15 min and the empty petri dish was weighed and recorded. Raw materials were 

taken with a spatula into the dried petri-dish and the combined weight was recorded. Materials 

should be taken in such a way that its weight lie between 1.5 and 3 gm. After weighing, the 

open petri-dish was placed inside an electrical hot air oven capable of maintaining temperatures 

between 110 ± 2ºC. Petri-dish containing samples were kept in the oven for 4 hours. At the end 

of the drying period, petri-dish was closed with its cover and with the help of a pair of tongs, 

was transferred into desiccators where the samples were allowed to cool to room temperature. 

Finally, the weight of the petri-dish containing the oven-dried sample was taken. This 

procedure was repeated three times for each sample and average moisture content was reported 

as a percentage with two decimal places mentioning the basis used in the calculation. 

Calculation 

Weight of sample = (Weight of sample + petri-dish) – Weight of petri-dish 

Weight of moisture = (Weight of dry sample + petri-dish) – (Weight of sample + petri-dish) 

 
 Moisture content (MC) =       100 %  

 

3.9.2 Determination of silica content present in rice husk ash 
 
10 gm rice husk ash and 150 ml de-ionized water were weighed and transferred into a glass 

beaker. 10 gm sodium hydroxide was added to the rice husk ash slurry. The mixture was 

agitated and heated at 100ºC for 4 hours using hot plate magnetic stirrer. Makeup water was 

regularly added to keep the water level constant. An oven-dried nickel crucible was cooled in 

a desiccator for 15 min and then the empty weight of cooled crucible was weighed and 

recorded. The rice husk ash slurry solution was then filtered through dried crucible under 

vacuum. The carbon residue was washed with hot water to remove the silicate.  

 
The crucible with carbon residue was dried at 110ºC for 4 hours in hot air oven. Then, the dried 

crucible with carbon residue was weighed and recorded. 

 

 

Weight of sample 

Weight of moisture 
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Weight of extractable silica = Weight of rice husk ash - (Weight of dry crucible with residue -  
      Weight of dry crucible before filtration) 
Calculation: 
 
 
                          Silica % =                                                                 x 100% 

 
 
 

 
 

Fig. 3.3 Determination of silica content in rice husk ash. 

 

3.9.3 Determination of residual carbon content in rice husk ash through loss on ignition  
  (LOI) test   

The residual carbon content in the rice husk ash samples were determined via loss on ignition 

(LOI) analysis. 5 gm oven dried ash sample at 110ºC was subjected to a temperature of 950ºC 

in a muffle furnace for two hours or until no further weight loss was observed. The residual 

carbon content in the ash is given by the mass loss between the initial and final ash sample. 

Ash samples containing mostly carbon (i.e. mostly black) were subjected to proximate analysis 

to determine the total amount of combustible matters (volatile matters and fixed carbon).  
 

The amount of fixed carbon is obtained through the differential method:  
 

Fixed carbon (dry wt%) = 100% - {volatile matter (dry wt%) + ash (dry wt%)} 
 
 

Weight of rice husk ash taken 

Weight of extractable silica 

Magnetic 
hot plate 

stirrer 

Glass 
beaker 
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 Removal of Metal Impurities by Acid Leaching 
 
Several kinds of acids, both mineral and organic, have been reported to be used for pretreat rice 

husk before other value adding processes such as incineration begin [30,47-51]. However, HCl 

has proved to be most effective in removing metallic impurities from the husk and rice husk 

ash and so it is by far the most widely used [49,52,53]. Chakraverty et al. [54,55] found that 

leaching of rice husk ash in 1N HCl is effective in removing most of the metallic impurities. 

Other researchers [49] used organic acids and compared results with those obtained by using 

other different mineral acids in pretreating rice husk and its ash concluded that HCl is better. 

Their order of efficiency is HCl> H2SO4> HNO3. However, Umeda and Kondo [56] reported 

a very high purity (>99.5%) silica from rice husk ash on pre-leaching it with citric acid. 

 
While acid leaching affects the chemical composition of the husk, it does not affect the 

structure, whether crystalline or amorphous of the silica. Thus, the change of phase from 

amorphous to crystalline is not affected by the pretreatment method employed. An insight into 

these dynamics was presented in the research report of Real and coworkers [51].  
 
Other acids such as H2SO4, HNO3 and their mixture, have also been used in the acid 

pretreatment [31,47,50,54,57]. The general leaching effects of H2SO4, HNO3 and HCl are 

similar, but HCl is superior to H2SO4 and HNO3 in removing the metallic ingredients [54]. 

Some researchers [30,50] also attempted chemical post treatment of incinerated rice husk using 

HCl but the results were inferior to those of the pretreatment. 

 
Acid leaching of the rice husk ash was carried out to remove soluble elemental impurities and 

hence increase the purity of the silica content. Leaching was carried out in 1-5% HCl. The HCl 

solution was prepared from a standard HCl stock of mean concentration 37 wt% and density 

1.19 g/mL. 

 
The leaching reactor was 5L round bottom neck glass reactor with rubber cork. Three top ports 

are designed to accommodate a separator funnel to charge rice husk ash and diluted acid 

solution; as well as condenser for reflux and a two teflon coated blade glass stirrer. The port 

for the separator funnel works for two purpose such as sampling port and temperature probe 

port. The experimental set up for leaching is shown in Fig. 3.4 
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Fig. 3.4 The experimental set-up for acid leaching treatment of rice husk ash. 

 
Leaching treatment was carried out by charging about 1000 gm rice husk ash and 4000 ml of 

HCl solution into reactor and refluxed at 100ºC for 1-3 hours. Leaching time was varied 

between 1-3 hrs and the temperature was varied between room temperature and 100ºC with 

continuous stirring at 600 rpm. Vacuum assisted filtration was used to separate the residue 

(washed rice husk ash) and supernatant liquid.  

 
The rice husk ash residue was thoroughly washed with hot water followed by de-ionized water 

till it is acid free as indicated by pH paper (pH 6-7). Samples of the dry residue (acid-treated 

rice husk ash) were then prepared for alkali extraction to make sodium silicate. 

3.10.1 Extraction of silica by alkaline extraction of rice husk ash 

Before starting the alkaline extraction process, the raw materials were prepared according to 

the following procedures: 

 
Preparation of slurry mixture of rice husk ash and Water 

The required quantity of acid treated rice husk ash (Approx. 1 kg dry basis) is mixed with iron-

free water (ratio varying from 1:5 to 1:10 with respect to dry ash) and agitated the solution for 

15 mins to get flow-able slurry mixture.  

 

Round bottom neck 
glass reactor 

Condenser for 
reflux 

Heating 
Mantle 
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Preparation of sodium hydroxide solution for digestion 

The required quantity of Sodium Hydroxide (ratio varying from 1:2.5 to 1:3.3 with respect to 

dry ash) is dissolved in similar quantity of water and agitated the solution for 15 mins to 

dissolve the caustic soda flakes completely into water.  

 

Digestion of rice husk ash with sodium hydroxide  

The main step is extraction of silica from ash as sodium silicate using sodium hydroxide. This 

reaction is carried out at temperature in the range 100ºC-170ºC and pressure ranging from 1-8 

atmospheres. High reaction temperature and pressure can be avoided if rice husk ash is obtained 

by burning rice husk at 650-700ºC in FBC boiler. This ash is mostly amorphous silica which 

is reactive around 100ºC with NaOH solution at atmospheric pressure to yield sodium silicate. 

But considering economical point of view, high temperature (120-170ºC) was selected to 

reduce the consumption of sodium hydroxide.  

           (100-170ºC) 
                    SiO2     +       2NaOH                         Na2O.SiO2  +  H2O  
                   (RHA)       (Sodium Hydroxide)                 (Sodium Silicate)   (Water) 
 

A viscous, transparent, colorless sodium silicate solution (~15%w/w) is obtained after filtration 

of the reacted slurry (consisting of residue undigested ash, sodium silicate, water). 

 

  
 

Fig. 3.5 Alkali extraction in laboratory glass beaker and in pilot digester. 
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The following reaction parameters are controlled to optimize the reaction: 

▪ Ratio of rice husk ash and sodium hydroxide (1:2.0 – 1:3.3) 

▪ Ratio of rice husk ash and water (1:5 – 1:10) 

▪ Molarity of sodium hydroxide solution (0.75 – 1.50) 

▪ Reaction period (2-4 hrs) 

▪ Reaction temperature (120-170ºC) 

 
Separation of carbon residue by filtration 
 
Laboratory filtration system with vacuum pump was used to separate the residue and diluted 

sodium silicate liquid. The residue was thoroughly washed with tap water followed by de-

ionized water till it is alkali free as indicated by pH paper (pH 6-7). The residue obtained was 

oven dried to constant weight at 105ºC. This residue is called activated carbon.  

 

 
Fig. 3.6 Separation of carbon residue by filtration in lab. 

 

 Analytical Methods of Checking the Properties of Alkaline Silicate 

3.11.1 Specific Gravity of alkaline silicate solution 
 

Specific gravity and density can be determined by the same hydrometer (used for liquid which 

is heavier than water). The material to be tested was poured into a clean hydrometer jar, the 

diameter of which should be at least 2.5 cm greater than the diameter of the hydrometer (figure 

3.7) used. All the air bubbles were removed that formed in the liquid. The jar was kept in a 

vertical position and lower down the hydrometer gently into the material. The point was read 

to which the sample rises, with the eye-placed at the principle surface of the material. This 

reading was the specific gravity as well as density of the material under test. Fig. 3.8 shows the 

density test by hydrometer. 
  

Specific Gravity (SG) = 145 / (145 – Density in Baume degree) 

Carbon 
residue 

Filtrate sodium 
silicate 
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Fig. 3.7 Hydrometer. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.8 Density was tested by deeping the hydrometer in the liquid. 

3.11.2 Soluble silicate content of diluted alkaline silicate solution 
 
The soluble silicate content of water glass solution was determined by furnace method. A 

sample of known mass was taken in a pre-weighted dry nickel crucible. The nickel crucible 

with sample was then placed in pre-heated muffle furnace at 500ºC and kept it in the furnace 

for 1 hour. The hot nickel crucible with dry sample was placed in desiccator for cooling. The 

cooled nickel crucible was weighted and quantified for the determination of the solid content 

of the sample. The solid content was determined by mass balance using following formula, 

Total soluble silicate (wt. %) = (Wt. of dry sample / Wt. of liquid sample taken) x 100 
 

 
 

Fig. 3.9 Nickel crucible in muffle furnace. 
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3.11.3 Alkalinity of alkaline silicate solution  
 
The principle of the method is based on titration of the total alkalinity of a test portion with a 

standard volumetric solution of hydrochloric acid in the presence of methyl orange as indicator.  

Procedure: A liquid sample of water glass of known mass was weighed and placed the test 

portion in a 250-ml volumetric flask and dissolved with water. Few drops of methyl orange 

solution were added to the test sample. Titration was made with the standard volumetric 

hydrochloric acid solution until the indicator changes from yellow to orange-pink. The total 

alkalinity, expressed as a percentage by mass of sodium oxide was determined by the given 

formula:  

Alkalinity = 3.1 x (volume of HCl used in the titration / Weight of sample) 

3.11.4 Silica content of alkaline silicate solution 

From alkaline silicate solution obtained in the filtration stage as filtrate, a sample of known 

mass was taken and was added hydrochloric acid until it reaching pH 7.0. In this pH the silica 

precipitates, also resulting a salt, the sodium sulfate (Na2SO4). The removal of sodium sulfate 

was made using boiling distilled water by vacuum filtration. The process resultant silica gel 

was placed to dry at 120°C for 8 hours, weighed and quantified for the determination of the 

silica content converted to silicate, in function of the amount of silica contained in the rice husk 

ash. The silica conversion by acid neutralization method was determined by mass balance using 

following formula, 

SiO2 precipitation (wt. %) = (Wt. of dry precipitated silica / Wt. of water glass) x 100 

3.11.5 Molar Ratio of soluble silica to alkali 

The ratio of total soluble silica to total alkalinity was calculated by following given formula:  

 

Molar Ratio = total soluble silica content (wt%) / total alkalinity (wt%) 

 Precipitation of Silica from Sodium Silicate  

In this step of the process, silica is precipitated from sodium silicate using sulphuric acid. This 

is the crucial step to obtain the precipitated silica of required specifications by varying the 

parameters. This step requires controlled conditions of addition rate of sulphuric acid and 
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temperature of reacting mass in a neutralizer. The temperature is in the range of room 

temperature to 100ºC and pressure is the normal atmospheric pressure. 

The reaction is as follows: 
             (25 - 100ºC) 

               Na2O.SiO2    +    H2SO4                           Na2SO4   +     SiO2   +   H2O  
            (Sodium Silicate)  (Sulphuric acid)                     (Sodium Sulfate)    (Silica)      (Water) 

 
Various silica concentrations in sodium silicate solution ranging from 2.5% to 10 % were tried 

for precipitation. The variation of parameters results in silica of different quality. It was 

observed that silica concentration in the range of 4.5% to 6.0% were suitable for producing the 

silica required by most of the industries. Higher and lower silica concentration than the above 

range produced silica of higher density, in addition to the difficulties in handling the slurry 

during precipitation at higher concentrations. Precipitation was carried out at various 

temperatures and it was observed that lower temperatures produces gel like silica with high 

density.  

 

Purification of this silica for removal of sulphate impurities constitutes the third step of process. 

For this successive demineralized water washings are given in the filter process itself. The 

conductivity of the effluent follows a decreasing trend owing to removal of sodium sulphate. 

Thus, conductivity can be used as the criteria to decide the number of washings for obtaining 

silica of desired purity. Silica after removal of sulphates (wet silica) is generally spray dried to 

obtain the amorphous powder form in the final step of the process. The purification and drying 

produce silica in white amorphous powder form. Sodium sulphate from the effluent water and 

good quality bricks from ash residue are other recoveries. 

3.12.1 Preparation of sulphuric acid solution 
 
500 ml Dilute sulphuric acid solution having specific gravity 1.1–1.3 g/ml was prepared by 

adding 50 ml of concentrated sulphuric acid to 450 ml of water in a beaker with constant stirring 

with cooling.  

3.12.2 Preparation of sodium silicate solution 

Diluted sodium silicate solution having specific gravity 1.15-1.20 g/ml was collected from 

previous stage of alkaline extraction of rice husk ash.  
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3.12.3 Acidification of alkaline silicate solution 

Diluted sulphuric acid solution was transferred into beaker and started agitation with laboratory 

stirrer. Sodium silicate stock solution was added drop wise by a separating funnel or a burette 

with continuous stirring till gel point as indicated by solidification was obtained. A minimum 

quantity of water was added to make the gel homogeneous so that it can be stirred with ease. 

The slurry solution was then stirred for 30 minutes. 

 
The acidification of sodium silicate solution was done very slowly (otherwise chemistry of 

reacting mass may change along with physical properties/form) until acidic conditions are 

reached. The acidic conditions indicate approximately complete precipitation of silica from 

sodium silicate. A white precipitate of silica in solution of sodium sulphate is obtained.  

 

   
 

Fig. 3.10 Acidification of alkaline solution. 

3.12.4 Separation of precipitated silica by vacuum filtration 
 
The formed gel was then filtered by using gentle suction and an ordinary filter cloth on a 

Buchner funnel. Purification of this silica for removal of sulphate impurities constitutes the 

third step of the process. For this successive demineralized water washings are given in the 

filter press itself. The conductivity of the effluent follows a decreasing trend owing to removal 

of sodium sulphate. Thus, conductivity can be used as the criteria to decide the number of 

washings for obtaining silica as desired purity. 
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Fig. 3.11 (a) Separation of silica by filtration; (b) Wet precipitated silica after filtration. 

 

3.12.5 Purification of precipitated silica by removing sodium sulphate 

Washing and purification of the precipitate is carried out to remove the soluble contaminates 

from the precipitate. Usually a dilute solution of a strong electrolyte having a common ion with 

the precipitate is employed for washing precipitates to reduce errors due to solubility and loss 

of precipitate. In this research, 10% of barium chloride solution was used with distilled water 

for rinsing to remove trace amount of sodium sulfate contain in gel. 

 

 
 
 
 
 
 
 
 

(a) (b) 
Fig. 3.12 (a) Formation of transparent gel solution; (b) Transparent solid gel after filtration. 

3.12.6 Aging and Drying  

Aging was important to get high surface area of silica. Aging temperature was varying from 

room temperature to 70ºC. Heat treatment of the washed precipitate may be simple drying of 

the precipitate collected over a sintered glass crucible or Petri dish or aluminium foil paper at 

105 – 120ºC in a hot air oven or a strong heat treatment to decompose the precipitate thermally 

to yield a final product of definite stoichiometry. The wet precipitated silica was dried kept in 

a hot air oven at 105 – 120ºC till the dry material get it constant weight. 

Buchnar 
Funnel 

Filtrate 
washed water 
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3.12.7 Pulverizing  
 
Silica after drying was milled to obtain the fine and free flow amorphous powder with specific 

bulk density. The prepared silica powder is then stored in an air tight container. 

 
Fig. 3.13 Precipitated silica powder after drying and milling. 

 

3.12.8 Associated recoveries  
 

The other associate recovery is sodium sulphate. Effluent wash water obtained after washing 

precipitated silica (wet impure silica) contains sodium sulphate. By evaporation of water in 

multiple effect evaporators, followed by crystallization, filtration and drying, crystals of 

sodium sulphate can be obtained. The residue ash in sodium silicate production can be utilized 

for making good quality bricks. Retained sodium silicate in residue ash acts as a binder and 

with incorporation of suitable ingredients high quality bricks can be manufactured. 

 

 Analytical Methods for Checking the Quality of Precipitated Silica 

3.13.1 Determination of purity of precipitated silica 
 
Reagents 
 

▪ Concentrated Hydrochloric Acid - Density l-18 g/ml. 
▪ Hydrofluoric Acid - 40 percent. 
▪ Concentrated Sulphuric Acid - Density I.84 g/ml. 

 
Procedure 

 
The sample was first dried to constant mass at 105±2ºC. Weighed about 0.5 gm, nearest to 

0.001 gm (M), in a clean and dry porcelain dish and carefully moistened it with distilled water. 

Added slowly 25 ml concentrated hydrochloric acid and 10 ml distilled water and evaporated 

to dryness. This treatment was repeated twice, each time with an addition of 15 ml concentrated 
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hydrochloric acid and some distilled water. The entire dried contents of the dish were then 

transferred with 15 ml concentrated hydrochloric acid and about 150 ml distilled water into a 

beaker, and heated with continuous stirring, but not up to boiling. The left-over silica was 

filtered through an ashless filter paper (whattman filter paper-42) and washed repeatedly with 

hot water until neutral. The filtrate and the washings were collected and, if necessary, used for 

further analysis. The filter paper with the silica was carefully ashed in a platinum crucible and 

the residue was kept for 20 minutes at about 900ºC. Cooled and weighed to nearest 0.001 gm 

(M1). To the contents of the crucible, added a little distilled water, 5 drops of concentrated 

sulphuric acid, and 15 ml of hydrofluoric acid. Under careful heating, and slow rise of 

temperature, the contents of the crucible were dried. This step is repeated two more times. The 

residue is then heated to red-heat for 5 minutes at 1000ºC, and after cooling to room 

temperature in a desiccator, weighed accurately to 0.001 gm (M2). 

Calculation 
The content of SiO2 in percentage is percentage SiO2 = {(M1 - M2)/M} x 100 
 

Where 

M1 = mass in gm before the treatment with hydrofluoric acid, 

M2 = mass in gm after treatment with hydrofluoric acid, and 

M = mass in gm of sample. 

3.13.2 Specific gravity of sodium silicate solution 

Around 60-70 ml of the solution was transferred into a density cylinder or 100 ml measuring 

cylinder. A hydrometer (heavier than water) of specific gravity range 1.00 to 2.00 and noted 

down the specific gravity value.  

3.13.3 Presence of chlorides 
 

Materials Needed for the Test  
 

▪ Distilled or deionized water.  

▪ Test tube, rinsed in distilled water.  

▪ Dilute (5%) nitric acid, in a dropper bottle.  

▪ Silver nitrate test solution, in a dropper bottle.  

▪ Black or dark background with a strong side light.  
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Preparation of silver nitrate solution: 
 
To make test solution dissolve 1.7 gm of silver nitrate crystals into 98 ml of distilled water. 

Store the solution in a dropper bottle in a dim or dark place, because it is somewhat light 

sensitive.  
 

Procedure  

▪ Placed a sample of the washed water (5 to 10 ml) in the clean test tube. Added one or 

two drops of dilute nitric acid. Shaked to mix. If the solution fizzes, continue to add 

acid until the fizz stops. Hold the test tube up to a strong side light with a dark area 

behind the test tube.  

▪ Added two drops of the silver nitrate solution. Observed the sample closely. The 

formation of a white precipitate (i.e., a cloudiness) indicates the presence of chlorides. 

Further washing of silica is required to remove chlorides completely. 

3.13.4 Presence of sulphates 
 
Materials Needed for the Test  

▪ Distilled or deionized water.  

▪ Test tube, rinsed in distilled water.  

▪ Hydrochloric acid  

▪ 10% barium chloride solution, in a dropper bottle.  
 

Procedure  

Collected ~5-10 ml of washing water in a test tube, added 1-2 drops hydrochloric acid followed 

by 4-5 drops barium chloride solution. Absence of white precipitates indicated the washing 

water was free of sulphates.  

3.13.5 Determination of pH 
 

Procedure - Weighed about 5 g of the material and transfer it to a 500-ml beaker. Add 100 ml 

of freshly boiled and cooled distilled water. Allowed to stand for 30 minutes with occasional 

stirring. Filtered and rejected the first 50 ml of the filtrate and collected the remaining filtrate 

in a breaker. Determined the pH of the solution by means of a suitable pH meter using glass 

electrodes. 
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3.13.6 Moisture content 
 
Procedure: Weighed accurately about 10 g of the material and heat in a weighted empty 

weighing bottle at 105ºC for 2 hours. Cooled and weighed till a constant mass was obtained.  
 

Calculation 
 

Moisture content = (loss in mass in gm / mass in gm of the material taken for the test) x 100 

3.13.7 Loss on Ignition (LOI) 
 
Procedure - Weighted accurately about 1 g of the material as dried in a silica or platinum 

crucible. Ignited at 900ºC for 2 hours. Cooled and weighed till constant mass is obtained. 
 

Calculation 
 

LOI, % = (loss in mass in gm / mass in gm of the material taken for the test) x 100 
 

3.13.8 Bulk density 
 
Procedure: Transferred the powder to 25 ml mark into a dry 25 ml plastic measuring cylinder 

with lid. Closed the lid and dropped the cylinder on to a rubber pad from a height of 5 cm. 

Recorded the volume of powder (V). transferred the powder into a tared crucible dish and found 

the weight of the powder (W).  

Calculation  

Bulk density, gm/ml = W/V 
 

3.13.9 Determination of size distribution of particles through sieve analysis 
 
The size distributions of particles used in this study (sand, rice husk and rice husk) were 

determined by means of sieve analysis. Sieving tests were carried out in a sieve shaker. A 

sufficient amount of particles was sieved for approximately 30 minutes. The particles (powder 

sample) were sieved into five size ranges: 600 mesh, 400 mesh, 325 mesh, 200 mesh and 100 

mesh. The particles (large particle) were sieved into five size ranges: 0.5 mm-1mm-2mm-

2.8mm-4.75mm sieve.  
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 Summary of Characterization of Raw Materials and Products 
 

 

The characterization section is mainly divided into two categories as follows: 

▪ Characterization of research material – rice husk ash 

▪ Characterization of research output – sodium silicate, precipitated silica and carbon 

residue 

3.14.1 Characterization of rice husk ash 

The collected raw material rice husk ash was analyzed for investigating the following 

properties:  

▪ Chemical composition of rice husk ash using XRF 

▪ Extractable amorphous silica content in rice husk ash using alkaline extraction of the 

ash.  

▪ Moisture content of rice husk ash by oven drying method  

▪ Loss on ignition (LOI) was carried out by igniting the sample at 950ºC for 2 hours.  

▪ Crystal phases of rice husk ash using XRD 

▪ Topography and morphological properties of rice husk ash using FESEM 

3.14.2  Characterization of products from different stage 
 
The following samples were collected from different stages of the experiments: 

▪ Sodium silicate solution from filtration of alkaline extraction stage as filtrate 

▪ Residue (containing unreacted silica, un-burnt carbon and water insoluble impurities) 

from filtration stage as filter cake 

▪ Precipitated silica from acid precipitation stage 

The collected above products from different stages of experiments were characterized and 

analyzed for investigating the following properties: 

The following properties of sodium silicate are investigated by analytical methods: 
 

▪ Solid content 
▪ Alkali content 
▪ Silica content 
▪ Specific gravity 
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The above properties are characterized using various characterizations Instruments: 

▪ Specific gravity by Hydrometer  

▪ Silica and alkali content by XRF 

▪ Morphological characteristics by FESEM  
 

 
The following properties of precipitated silica are characterized using various 
characterization methods: 
 

▪ Purity of silica by hydrofluoric acid method 

▪ pH by pH meter 

▪ Tap density by measuring cylinder 

▪ Presence of chloride and sulphate by silver nitrate and barium chloride 

respectively 

▪ The structure of precipitated silica by XRD 

▪ Chemical composition by XRF 

▪ Morphological characteristics by FESEM  

3.14.3 Characterization techniques 
 
The following instrumental techniques were employed to characterize the research materials 

and products obtained from different stages of experiments.  

 
▪ X-ray fluorescence (XRF) for chemical composition analysis  

▪ X-ray diffraction (XRD) for phase analysis 

▪ Field Emission Scanning Electron Microscope (FESEM) for morphological 

analysis 

 
Determination of chemical composition of rice husk ash and precipitated silica by X-ray 
fluorescence (XRF) technique  
 
X-ray fluorescence (XRF) was used to analyze the following characteristics: 

 
▪ Chemical composition of rice husk ash 

▪ Chemical composition and the ratio of silica/sodium oxide of sodium silicate 

▪ Purity of precipitated silica 
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X-ray fluorescence (XRF) was conducted to obtain the composition of oxides in 

rice husk ash. It is a powerful quantitative and qualitative analytical tool for elemental analysis 

of materials. It is ideally suited to determination of composition and 

elemental concentration by weight of solids. Two general types of XRF are 

wavelength dispersive X-ray fluorescence (WDXRF) and energy dispersive X-ray 

fluorescence (EDXRF). In this study, WDXRF was used to investigate the oxide 

composition of rice husk ash. 

 

XRF technology provides one of the simplest, most accurate and most economic analytical 

methods for the determination of the chemical composition of many types of materials, 

particularly in the investigation of metals, glass, ceramics and building materials, and for 

research in geochemistry, forensic science and archaeology. It is non-destructive and reliable, 

requires no, or very little, sample preparation and is suitable for solid, liquid and powdered 

samples [58]. It can be used for wide range of elements and provide detection limits at the sub-

ppm level; it can also measure concentrations of up to 100% easily and simultaneously [59]. 

 
Theory of X-ray fluorescence 
  
When the elements in a sample are excited with high-energy, short wavelength 

radiation (e.g., X-rays), they can become ionized. If the energy of the radiation is 

sufficient to dislodge a tightly-held inner electron, the atom becomes unstable and an 

outer electron replaces the missing inner electron. When this happens, energy is 

released due to the decreased binding energy of the inner electron orbital compared 

with an outer one. The emitted radiation is of lower energy than the primary incident 

X-rays and is termed fluorescent radiation. Because the energy of the emitted photon 

is characteristic of a transition between specific electron orbitals in a particular 

element, the resulting fluorescent X-rays can be used to detect the abundances of 

elements that are present in the sample [60]. The basic concept for all XRF spectrometers 

is a source, a sample, and a detection system (Fig. 3.14). In most cases for XRF, the 

source is an X-ray tube. The elements in the sample are excited and characteristic 

radiation emitted from them diffract into different directions through an analyzing 

crystal or monochrometer. While the sample position is fixed, the angles of the crystal 

and detector are changed in compliance with Bragg‘s law so that a particular 
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wavelength can be measured. A detector measures the fluorescence radiation emitted 

from the sample. 

 
 

 
Fig. 3.14 Schematic diagram of X-ray fluorescence. 

 
 

 
(a) 

 

(b) 
 

Fig. 3.15 (a) XRF machine used in this research; (b) Tablet preparation for XRF test. 
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Determination of silica structure and presence of contaminants in rice husk ash through 
X-Ray Diffraction (XRD) analysis 
  
X-ray diffraction (XRD) is used to analyze the following characteristics: 

 
▪ Determination of crystal structure of silica in rice husk ash 

▪ Presence of crystalline impurities in rice husk ash 

▪ Crystal structure of precipitated silica  

 
Principle 
 
X-ray diffraction (XRD) is a nondestructive analytical technique mainly used for the phase 

identification and structural characterization of crystalline materials. 

 

 
 

Fig. 3.16 X-Ray Diffraction (XRD) machine. 

 
X-rays are a type of electromagnetic radiation. The wavelength of X-rays is approximately 1 

Å which has the same size equivalent to that of an atom. To detect the diffracted X-rays, an 

electronic detector is placed on the other side of the sample from the X-ray tube and rotated 

through different Bragg’s angles. The goniometer keeps track of the angle (θ), and the detector 

records the detected X-rays in units of counts/sec and sends this information to the computer.  
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In order to identify the unknown substance, the powder diffraction pattern is recorded with the 

help of a camera or a diffractometer and a list of d-values and the relative intensities of the 

diffraction lines is prepared. These data are compared with the standard line patterns available 

for various compounds in the Powder Diffraction File (PDF) database. It contains line pattern 

of more than 60,000 different crystallographic phases. In practice, for any unknown sample, 

the appearance of three most intense characteristic lines from the standard PDF line pattern is 

a sufficiently convincing evidence of the existence of a crystalline phase in either a 

homogeneous substance or even in a multi component mixture. It may be relevant to mention 

here that while the peak positions and intensities associated with an X-ray diffraction pattern 

enable qualitative analysis, these parameters are also useful for lattice constant determination 

and stress determination of the sample.  

 
Distinct peaks in the result indicate the presence of crystalline substance in the sample. 

Sometimes extra peaks might appear due to the impurity or structural transformation after 

thermal treatment. In fact, the intensity, width and position of peaks in the patterns reflect 

information about structure, quantity, texture etc. of crystallites. The amorphous structure is 

indicated by a background hump at peak position of approximately 22º on the diffractogram. 

 
Table 3.5: Diffraction peaks of crystalline silica [61]  

 
Type of silica 

crystal 
2θ scale 

Primary  Secondary  Tertiary  

Quartz 26.66 20.85 50.16 

Cristobalite 21.93 36.11 31.46 

Tridymite 21.62 20.50 23.28 

Amorphous Background hump at 22º 
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Topography and morphological studies of rice husk ash and precipitated silica using 
Field Emission Scanning Electron Microscope (FESEM) 
 
FESEM is used to observe the morphology of following products: 

 
▪ Rice husk ash collected from various rice mills 

▪ Precipitated silica 
 

A FESEM is microscope that works with electrons (particles with a negative charge) instead 

of light. These electrons are liberated by a field emission source. The object is scanned by 

electrons according to a zig-zag pattern. A FESEM is used to visualize very small topographic 

details on the surface or entire or fractioned objects. Researchers in biology, chemistry and 

physics apply this technique to observe structures that may be as small as 1 nanometer (= billion 

of a millimeter).  

 
 

Fig.3.17 Field Emission Scanning Electron Microscope (FESEM). 

 
Electrons are liberated from a field emission source and accelerated in a high electrical field 

gradient. Within the high vacuum column these so-called primary electrons are focused and 

deflected by electronic lenses to produce a narrow scan beam that bombards the object. As a 

result, secondary electrons are emitted from each spot on the object. The angle and velocity of 

these secondary electrons relates to the surface structure of the object. A detector catches the 

secondary electrons and produces an electronic signal. This signal is amplified and transformed 

to a video scan-image that can be seen on a monitor or to a digital image that can be saved and 

processed further.  
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Procedure: The FESEM-(JEOL JSM 7600F) field emission scanning electron microscope was 

used to characterize the morphologies of the samples (Fig. 3.17). Powder samples were adhered 

with carbon tape that was attached to a Copper stub. Then sample holder was mounted on a 

holder and inserted in FESEM. The micrographs obtained from FESEM analysis was used for 

microstructural study. Selected areas of interest were focused and micrographs were taken. 
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4. RESULTS AND DISCUSSION 
 
In this chapter the results of the experimental works will be presented and discussed. The 

discussion will be segmented into five parts namely, (i) characterization of as-received rice 

husk ash (ii) purification of as-received rice husk ash (iii) quantitative results of the 

experiments conduct in this research (iv) characterization of products obtained from different 

stages of experiments (v) Influence of different reaction variables to prepare high purity 

precipitated silica (vi) characterization of as-produced precipitated silica. 

4.1 Characterization of As-received Rice Husk Ash (RHA) 
 
Rice husk ash was pre-treated by acid-leaching method to reduce the metal impurities level. 

The rice husk ash collected from local rice mills was characterized by X-Ray Fluorescence 

(XRF) to determine the chemical composition and X-Ray Diffraction (XRD) to know the 

crystal phases present in the ash.  

4.1.1  Optical image of rice husk ash (as-received) 
 
Photographs of the rice husk ash samples obtained from the different zones are shown in Fig. 

4.1. The rice husk ash had a charcoaled black and greyish appearance with some brown color 

and a gritty feel in between fingers. 

Sample-1 Sample-2 Sample-3 Sample-4 

    
Source: Mymensingh 

Type of boiler: FBC 
Source: Sherpur 

Type of boiler: Reciprocating 
Source: Ashugonj zone 
Type of boiler: chain-grate 

Source: Brahmanbaria  
Type of boiler: chain-grate  

 
Sample-5 Sample-6 Sample-7 Sample-8 

    
Source: Comilla zone-1 
Type of boiler: Chain-grate 

Source: Comilla Zone-2 
Type of boiler: chain-grate  

Source: Bogra 
Type of boiler: Reciprocating  

Source: Natore 
Type of boiler: FBC 

 
 

Fig. 4.1 Optical images of rice husk ash. 
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From the Fig. 4.1, it is observed that the ashes are mostly black with gray particles with visual 

impurities like sand, un-brunt rice husk, and un-burnt carbon which were generated as result of 

incomplete combustion during the rice husk burning in boiler. The burning of rice husk in 

presence of air always leads to the formation of silica ash, which varies from the gray to black 

depending on inorganic impurities and unburned carbon. According to literature, rice husk ash 

can be divided into following categories including high-carbon char, low-carbon gray ash, and 

carbon-free white ash [10,62]. 

4.1.2 Chemical composition analysis of rice husk ash  
 
High silica content and low levels of elemental impurities are necessary pre-requisites for 

synthesis of high purity precipitated silica from rice husk ash [63]. Accordingly, chemical 

composition analysis of as received rice husk ash was performed by X-Ray fluorescence 

spectroscopy (XRF). The main oxide present in the as-received rice husk ash value are 

summarized and compared to literatures values are tabulated below in Table 4.1 

 

Table 4.1: Chemical composition analysis of rice husk ash by XRF 

 

No. of 

Sample 

Chemical Composition, Wt% 

1 2 3 4 5 6 7 8 9 10 11 

SiO2 Al2O3 K2O MgO Fe2O3 MnO SO3 ZnO P2O5 CaO Na2O 

Sample-1 90.83 1.42 1.06 0.57 0.42 0.24 0.47 0.01 2.25 - - 

Sample-2 96.38 1.11 - 0.75 0.67 0.19 0 0.02 - - - 

Sample-3 90.17 0.59 2.35 0.31 0.42 0.24 0.47 0.01 2.67 - - 

Sample-4 91.87 0.17 1.03 1.25 0.54 0.34 0.16 0.02 2.36 1.08 1.27 

Sample-5 88.38 1.07 0.89 1.12 0.68 - 2.03 0.02 1.15 1.02 2.95 

Sample-6 90.82 0.54 1.89 1.33 0.69 0.24 1.67 0.01 2.31 - - 

Sample-7 92.79 0.42 2.05 0.64 0.52 0.07 0.2 0.01 1.16 1.89 0.2 

Sample-8 97.24 0.66 - 0.63 0.38 0.2 - 0.01 - - - 

RHA [64] 86.9-97.3 n/a 0.58-2.5 0.12-

1.96 

0.54 n/a n/a n/a 0.2-

2.85 

n/a 0.0-1.75 
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According to XRF analysis, rice husk ash contains 88% - 97% SiO2 and the rest contains 

following elements (in oxide form) in traceable amount: 0.17-1.42% Al2O3, 0.89-2.35% K2O, 

0.31-1.33% MgO, 0.38-0.69% Fe2O3, 0.07-0.34 MnO, 0.16-2.03% SO3, 0.01-0.02 ZnO, 1.15-

2.67% P2O5, 1.02-1.89% CaO and 0.2-2.95% Na2O.  

 
It is observed that the collected rice husk ash has mostly silica of 90 - 97 wt%, which is well 

within the range of silica content of rice husk ash in literature publications. The “n/a” in the 

last column of Table 4.1 indicates that no corresponding data was found from the reference 

source. The silica amount in the as-received rice husk ash is however quite pure enough and 

among the samples, sample 6, 7 and 8 were selected for the intended purpose of this research 

work.  

 

It is also evidenced that, the ash produced from the rice husk burning contains small amounts 

of other composition considered as impurities. The most common trace of chemical 

composition in rice husk ash are the oxides of aluminium, potassium, magnesium, iron, 

manganese, sulfur, zinc, phosphorous, calcium and sodium. Differences in composition may 

occur due to geographical factors, type of ground, year of harvest, types of boiler used in Rice 

production, etc. [54]. Another possibility can be due to adherent soil particles on the rice husks 

since no pre-cleaning treatment was done before combustion [54]. 

4.1.3 Reactive amorphous silica content and moisture content of rice husk ash 
  
The reactive amorphous silica was determined by alkaline extraction method and moisture 

content was checked by hot air oven drying method.  

 
The range of percentage of reactive amorphous silica was 67% to 92%. The moisture content 

of rice husk ash was varied from 0.1% to 6%. Differences in percentage of reactive amorphous 

silica may occur due to the control parameters of boiler in rice mills. Most of the water glass 

solutions prepared from tested rice husk ash was looked like brownish to greyish color due to 

presence of un-burnt rice husk in ash as impurities.  
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Table 4.2: Chemical analysis of rice husk ash 

 
Sample no. Source Type of boiler 

used in rice mill 
Reactive amorphous 

silica content (%) 
Moisture 
content 

Sample - 1 Comilla zone Chain-grate 76% 4% 

Sample -2 Sherpur zone Reciprocating 88% 0.5% 

Sample - 3 Ashugonj zone Chain-grate 74% 4% 

Sample - 4 Brahmanbaria Chain-grate 77% 3% 

Sample -5 Comilla  Chain-grate 67% 5% 

Sample - 6 Bogra Reciprocating 76% 6% 

Sample - 7 Mymensingh FBC 85% 0.1% 

Sample - 8 Nator FBC 92% 1% 
 

 

This difference in the amount of the extracted silica suggested the fact that the regional 

variation had obvious effect on the silica content of the rice husk ash and should be taken into 

consideration before using rice husk ash for the production of water glass adhesive on the 

commercial production. 

4.1.4  Phase analysis of rice husk ash  
 

The X rays diffractograms of the rice husk ash are presented in Fig. 4.2. The rice husk ash 

diffractogram indicates the presence of silica in the crystalline form due to the presence of 

cristobalite (2θ = 21.9) and the amorphous structure is indicated by background hump on the 

diffractogram. The crystalline, amorphous silica, or presence of both depends directly on the 

temperature of burning or the method of ash attainment. When the burning temperature of the 

rice husk is high, the silica contained in the ash is predominantly crystalline. Crystalline silica 

had quantified when burning temperature was around of 1000ºC. It was found that rice husk 

ash with predominant crystalline silica, getting 83% of crystalline silica, at temperature of 

1350°C; while in the range of temperature 450-700°C, the silica was found mostly in 

amorphous phase [65].  
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Fig. 4.2 XRD result of as-received rice husk ash. 

 
The structure of silica may determine its reactivity and degree of health danger. Crystalline 

silica is less reactive and deemed carcinogenic, whilst the amorphous silica is rather reactive 

and with no harmful effect [10,66]. 

4.1.5 Morphological properties of rice husk ash 
 

The morphological features of the as-received rice husk ash observed by scanning electron 

microscope (SEM) is shown in Fig. 4.3. The micrograph was taken under the secondary 

electron imaging mode (SEI) at a magnification of 10000X and 30000X. As can be seen from 

Fig. 4.3 that the as-received rice husk ash shows a porous and multifaceted particle shape and 

size. The main components of rice husk include hydrated silica, cellulose and hemi cellulose 

component totaling a 55-60% and lignin component of approximately 22% [66,67]. The porous 

and honeycomb morphology seen in Fig. 4.3 can be attributed to the burning out of the organic 

component in the rice husk during combustion. The hydrated silica subsequently polymerizes 

to form a skeletal silica network which may explain the flaky and honey comb-like structure in 

the SEM micrograph. 
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(a) (b) 

(c) 
(d) 

 
Fig. 4.3 SEM micrograph of rice husk ash (as-received) (a) SEM image of rice husk ash (1 
µm; x 10,000); (b) SEM image of rice husk ash (1 µm; x 10,000); (c) SEM image of rice 

husk ash (100 nm; x 30,000); (d) SEM image of rice husk ash (100 nm; x 30,000). 

4.2 Purification of As-received Rice Husk Ash (RHA) 
 

The quality and purity of precipitated silica are depending on acid leaching process of rice husk 

ash. Metal impurities from rice husk ash hamper the purity level of precipitated silica. Metal 

impurities cannot be removed by filtration. So, to get iron free silica, acid leaching process is 

required. The temperature in acid leaching process is very important factor to remove metal 

impurities from rice husk ash [68]. 

 

Three nos of experiments (Table 4.3) were conducted to find out the optimum temperature and 

time of acid leaching and optimum concentration of hydrochloric acid. 
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Table 4.3: The results of the acid leaching of rice husk ash 

 
SL 
No. 

Parameters Exp-1 Exp-2 Exp-3 

1.  
Rice husk ash, kg 1 1 1 

2.  
Molarity of hydrochloric 
acid 

1M 2M 3M 

3.  
Leaching temperature (ºC) 60 80 90 60 80 90 60 80 90 

4.  
Silica content of rice husk 
ash 

98.34 98.45 98.65 99.6 99.64 99.75 97.5 98.8 97.95 

5.  
Reaction time, hour 2 2 2 2 2 2 2 2 2 

6.  
Removal of impurities, % 85 85.5 85.84 94.75 95 95.2 89.5 90.25 90 

 

4.2.1 Effect of leaching treatment 
 
In order to access the efficacy of the leaching step and to determine the best leaching condition, 

the concentration (ppm) of impurities in the leached sample is ratioed to the concentration of 

impurities in as-received rice husk ash. It was observed that the acid leaching leads to higher 

SiO2 contents in the ash. It also decrease the amount of alkali contaminates such as K2O and 

Na2O. Past research [69,74] suggested that a higher surface area was attainable with the silica 

particles obtained through HCl acid leaching process of rice husk ash. This may be ascribed to 

the cross-linking network of the porous silica particulate which made particle size 

determination very hard due to the irregular shape of the particles. 

 

Acid leaching uses the advantage of silica being relatively insoluble in acidic media [69,70]. 

Direct acid leaching uses the chemical mechanism of proton attack to achieve metal oxides 

removal from rice husk ash. The H+ ion displaces the cation from the ash particle matrix to 

induce dissolution of the metals. The H+ ions react with the solid aluminium, iron and other 

metal compounds that are progressively exposed on the surface and within the pores of the ash 

particles as the leaching proceeds [71]. The chemical reactions describing the dissolving of the 

major element compounds are represented as follow: 

 

 MO + 2H+ ⇌ M2+ + H2O where (M = Ca, Mg, Fe, etc.) 
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It is obvious from the above reaction that the leaching process is a solid liquid two phase 

reaction involving different species. It also suggested that a substantial amount of HCl added 

would be consumed to dissolve other unwanted metal species [72,73]. Because of this reason, 

the concentration of HCl might have to achieve an acceptable leaching rate of rice husk ash.  

 
The leaching results of rice husk ash are shown in Fig. 4.4. As expected, faster leaching rate 

and maximum silica percentage was obtained using high concentration of HCl. However, using 

a highly concentrated acid not only poses corrosion problems to equipment, but also increases 

the operation cost. In terms of leaching kinetics and operational conditions, an optimum HCl 

concentration should be the concentration at which the percentage of removal of impurities 

present in rice husk ash and reaction rate was maximum [70]. 

 

 
 

Fig. 4.4 Effect of HCl concentration on SiO2%. 

 
Fig. 4.4 shows the leaching test results for HCl treatment (1-3 M) for two hours duration. It 

seems that silica content in rice husk ash is increased from 88 % to about 99% for 2M HCl 

concentration.  

 
To identify the suitable leaching model and mechanisms of removal of impurities from rice 

husk ash with hydrochloric acid solution, the leaching kinetic experiments were conducted at 

different temperatures with 1M and 2M hydrochloric acid solution.  
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Fig. 4.5 Effect of acid leaching temperature on SiO2%. 

 
Fig. 4.5 shows that temperature effect is insignificant for 2M HCl concentration, whereas for 

low concentration (1M HCl), it has more substantial impact and become more effective with 

increasing temperature as expected.  

 
Leaching reaction is generally endothermic. Increasing the leaching temperature would 

therefore enhance the leaching reactions. At higher temperature, leaching chemical species 

could have higher diffusion rates, due to the increased thermal or activation energies [74]. Both 

scenarios are expected to enhance the leaching process. 

 
The analysis of the impurities and the effect of the chemical treatment on rice husk ash are 

given in Fig. 4.6. It indicates that, inorganic impurities present in rice husk ash are effectively 

removed by leaching with HCl. A similar observation was made by Hunt et al. [75] in their 

study on leached rice husk ash. 

 

 
Fig. 4.6 Presence of oxide content in treated and untreated rice husk ash. 
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4.3 Quantitative Results of the Experiments Conducted in this Research 

 
After the leaching by acid solution, slurry of ash was prepared with Sodium hydroxide solution 

having specific molarity (0.75-1.50) and heated the solution under desired temperature (130-

150ºC) and pressure (0 – 2.5 bar) for specific period (1-6 h). A clear diluted sodium silicate 

solution was obtained after filtering the slurry.  

 
Table 4.4 shows the result for the various analysis carried out on the produced sodium silicate 

by alkali extraction of rice husk ash. 

 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 

Table 4.4: Various analysis parameters used to produce sodium silicate from rice husk ash 
 

 

 
 
 
 
 
 
 
 
 
 
  
 
 

Sl. No. Parameters Quantity 
Experiment-1 Experiment-2 Experiment-3 Experiment-4 Experiment-5 

1.  Ratio of RHA and caustic soda 1.96 2.22 2.44 2.70 2.94 
2.  Rice husk ash, kg 1 1 1 1 1 
3.  Total Silica in rice husk ash, kg 0.80 0.80 0.80 0.80 0.80 
4.  Caustic soda flakes, kg 0.51 0.45 0.41 0.37 0.34 
5.  Sulphuric acid, L 0.43 0.42 0.40 0.36 0.33 
6.  Water to rice husk ash ratio 7:1 7:1 7:1 7:1 7:1 
7.  Temperature, ºC 150 150 150 150 150 
8.  Reaction time (h) 3 3 3 3 3 

9.  Final ratio of silica and sodium oxide 
in silicate solution 1.88 2.11 2.27 2.29 2.31 

10.  Dry silica, kg 0.66 0.65 0.63 0.56 0.52 
11.  Efficiency of silica extraction, % 82.77 80.96 78.30 70.52 64.60 

75 



 
 

 
 

From Table 4.4, it was found that, optimum ratio of rice husk ash/caustic soda was 2.44 

(experiment -3) for the production of commercial precipitated silica. 

 
These experiments (Experiment no. 1-5) had been conducted in a pressure vessel at 

temperatures of 130 -150ºC, with 3-4 hours of reaction period, and the behaviors for the silica 

extraction were observed. 1 kg of rice husk ash was mixed with 7 L of water having different 

concentration (0.51 kg, 0.45 kg, 0.41 kg, 0.37 kg and 0.34 kg) of sodium hydroxide keeping 

all other parameters constant. Experiments were carried out to study the effect of the ratio of 

rice husk ash/NaOH and the molarity of NaOH solution on yield of silica.  

 
The diluted sodium silicate solution, after alkali extraction of rice husk ash, was acidified by 

sulphuric acid to reduce pH of the solution to ~7. At around pH 7, precipitation process of silica 

was completed. The precipitated silica was then washed by hot water to remove sodium sulfate 

produced from the precipitation stage. The washed silica was aged, dried and pulverized to get 

fine powder precipitated silica.  

 
Final product, precipitated silica, was characterized by XRF for its chemical analysis and 

purity, by XRD for identifying crystal phase structure of silica, and FESEM for topography 

and morphology. The characterization results are shown and discussed elaborately in section 

4.6. This process was able to meet the international requirement with respect to the quality of 

silica. XRF results showed that purity of precipitated silica was 97% - 98%. XRD result of the 

precipitated silica showed a broad peak zone centered near 2θ= 22.2o signifying the amorphous 

nature of silica [76]. The silica obtained by alkaline extraction at low temperature was 

completely amorphous. This was due to the fact that sodium hydroxide solubilizes only 

amorphous silica, which is subsequently precipitated.  

 
Table 4.5 shows quantitative analysis of the experiment (Exp. no.1-3). 
 
 
 
 
 
 
 
 
 
 

76 
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Table 4.5: Results for the various analysis of produce precipitated silica from sodium silicate 

 
Sl. 
No. 

Parameters Result of Experiment 
Exp-1 Exp-2 Exp-3 

Output of the experiment 
1 Precipitated silica solution after acidification, gm 200 190 195 
2 Gelation time, minutes 60 120 30 
3 Precipitated silica gel after vacuum filtration, gm 150 155 146 
4 Precipitated silica gel after purification, gm 150 154 146 
5 Final product after aging and drying, gm 65 70 70 

Yield of Precipitated Silica 
1 Dry silica, gm 65 70 70 

 
It is observed from Table 4.5 that the quantity level of precipitated silica solution after 

acidification are typically slightly varied in different experiments. This is may be due to 

increased reactant materials as result of increased amount of charging materials or may be due 

to sodium silicate concentration. Gelation time depends on silica concentration present on 

sodium silicate solution. Lower silica concentration results longer period of gelation time [77].  

4.4 Characterization of Products Obtained from Different Stages of Experiments 
 
Table 4.6 shows the characterization of products obtained from different stages of experiments 

by analytical methods (Exp. No. 1-3). The data in the Table 4.7 is made clearer when the 

extractable amorphous silica in rice husk ash found maximum with increasing silica content in 

rice husk ash. The optimum silica yield occurs at charge composition having 1.2 g/ml – 1.25 

g/ml of sodium silicate solution and 1.1 g/ml H2SO4, when acidification was carried out in 

optimum temperature and atmospheric pressure. The traces of chloride and sulphate is 

minimum (0- 0.05) and silica content found maximum 99.8% after drying, aging and grinding. 
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Table 4.6: Characterization of products obtained from different stages of experiments 

 
Sl. 
No. 

Parameters Result of Experiment 
Exp-1 Exp-2 Exp-3 

Raw material characterization 
1 Silica content in rice husk ash by XRF, 

% 
92.79 90.28 97.24 

2 Extractable amorphous silica in rice 
husk ash by analytical method, % 

80 78 82 

3 Molarity of NaOH 8.33 8.33 8.33 
4 pH of Na-silicate solution 12-13 12-13 12-13 
5 Specific gravity of Na-silicate solution 1.20 g/ml 1.25 g/ml 1.22 g/ml 
6 Concentration of H2SO4 solution 1.1 g/ml 1.1 g/ml 1.1 g/ml 

Product characterization after Acidification 
1 pH of gel solution 6.8 6.7 6.7 
2 Trace of chloride (as NaCl), % 0.08 0.05 0.02 
3 Trace of sulphate (as Na2SO4), % 0.02 0.05 Nil 
4 Silica content, %  98.87 99 99 

Product characterization after filtration and purification 
1 pH of gel 6.5 6.5 6.5 
2 Trace of chloride (as NaCl), % 0.026 Nil - 
3 Trace of sulphate (as Na2SO4), % Nil Nil - 

Product characterization after drying, aging and grinding. 
1 Appearance White Crystal White Powder White powder 
2 Silica content, %  

(chemical analysis method) 
99 99 99.8 

3 Bulk density 0.60 g/cc 0.40 g/cc 0.1 g/ml 
4 Loss on Ignition, % by mass 3.0 2.7 3 
5 Moisture, % by mass 3 2.7 3 
6 pH (5% aqueous slurry) 6.5 6.5 6.5 
7 Iron Content, ppm Nil Nil Nil 
8 Soluble salts (sulphates and 

Chlorides), % by mass 
0.02 0.05 Nil 

9 Heavy metals (as Pb), ppm Nil Nil Nil 
10 Particle size (micron) 0.5 – 4.75  2.5 -17.5  2.5 – 14  
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4.5  Influence of Different Reaction Variables to Prepare High Purity Precipitated Silica 
 
Silica particles carry negative charges in alkaline, neutral or weakly acidic solutions, which 

retard the association by electrostatic repulsion, particles repel each other at a pH above 11 

[78]. As the pH is reduced or through charge screening and reducing the dielectric constant of 

the aqueous phase, silicate species aggregate to form higher-order oligomers. The silanol 

groups within the polymers condense to build larger particles. Polymer chains and eventually 

gel is formed by the aggregation of these particles. Gelation occurs when particle aggregation 

ultimately forms a uniform, three-dimensional network of silicate particles. When gelation 

begins, the initially transparent solution of Na-silicate starts to become cloudier. That 

cloudiness thickens as the gel develops, and the gel’s appearance is sometimes used as a 

qualitative measure of gelation time.  

 
The polymerization rate of Na-silicate is affected by the pH, silicate concentration, temperature 

and concentration of the divalent cations [79,80]. The influencing parameters and their effect 

on silicate polymerization are discussed in below subsection.  

4.5.1 Effect of pH and silicate content 
 
The pH of different sodium silicate solutions was obtained by diluting the initial sodium silicate 

with distilled water. A considerable difference in the pH is observed for diluted sodium silicate 

below 3 wt% (Fig. 4.7). A sodium silicate content ranging between 1.2 wt% and 2 wt% is 

deemed as practical for the purpose of this work. 

 
 

Fig. 4.7 Effect of pH on different Na-silicate contents from 0.5 wt% to 3 wt% by diluting 
                 with distilled water. 
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The added H2SO4 to solutions with Na-silicate contents (2 wt%) is plotted with the 

corresponding pH in Fig. 4.8. 

 

 
 

Fig. 4.8 Corresponding pH as a function of H2SO4 concentration. 

 
All Na-silicate contents show similar trends, i.e., pH decreases linearly up to a certain point, 

after which the rate of pH reduction increases with the added acid. The gradients of pH as a 

function of the increased H2SO4 concentration depend on the Na-silicate content, i.e., the higher 

the Na-silicate wt%, the lower the gradient owing to the increase in buffer capacity. 

 
An-Peng [79] suggested the following reactions as the pH is reduced, where silicic is formed: 
 

𝐇𝟐 𝐒𝐢𝐎𝟒
𝟐−  

𝐇+

→  𝐇𝟑𝐒𝐢𝐎𝟒
−
𝐇+

→ 𝐇𝟒𝐒𝐢𝐎𝟒
𝐇+

→ 𝐇𝟓𝐒𝐢𝐎𝟒
+  

 
At high pH, 𝐇𝟐 𝐒𝐢𝐎𝟒𝟐− and 𝐇𝟑𝐒𝐢𝐎𝟒− are the dominant ions. The dominant species at lower pH 

(slightly alkaline or neutral) are H3SiO4
- and H4SiO4; therefore, the condensation process starts 

and may be expressed as: 

 

𝐇𝟑𝐒𝐢𝐎𝟒
−  +  𝐇𝟒𝐒𝐢𝐎𝟒  → (𝐎𝐇)𝟑𝐒𝐢 − 𝐎 − 𝐒𝐢(𝐎𝐇)𝟑  + 𝐎𝐇

−  

 
Two silanol groups form a new bond in which an oxygen atom bridges the silicon atoms to 

produce siloxane [81]. 

 

0

2

4

6

8

10

12

0 0.5 1 1.5 2 2.5

pH

Concentration of H2SO4 %H2SO4% 



81 
 

4.5.2 Gelation time 
 
Factors affecting the gelation time are silicate content, pH, concentration of divalent ions 

(namely Ca2+ and Mg2+), temperature and shear rate [82]. This section addresses the influence 

of various factors in terms of time required for gelation of silica sol and the extent of syneresis 

of the gel formed shown in Fig. 4.9 – 4.11 below.  
 
Silica sol having SiO2 content of 1.5% gelled in 40 min at room temperature. When the 

concentrations of SiO2 were lower, the period for gelation was longer; whereas at higher 

concentrations gelation was too rapid for the preparation for laboratory media (Fig. 4.9). 

 

 
 

Fig. 4.9 Effect of silica concentration on gelation time. 

 
Gelation time is dependent on the Na-silicate content (Fig. 4.9) and the pH (Fig. 4.10). For a 

specific pH, the condensation rate of silicic acid increases with silicate content. Lowering the 

pH for a certain silicate content also increases silicic acid condensation and hence reduces 

gelation time. 

 

Silica surface area also changed with sodium silicate concentration. This is because of the 

transformation between nucleation and growth reactions during particle formation [83]. At 

lower silicate concentrations, gelation occurs much slower. Hence surface area is relatively 

low. Surface area that increases with silicate concentration is due to the increased number of 

formed nuclei. For higher silicate concentrations, gelation rate increases. Accelerated growth 
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of silica on the pore walls leads to a reduction in pore diameter and, hence, reduced sample 

surface area. This situation indicates that particles growth in the acidified slurry is stable. 

 

If the gelation time is prolonged more than 7 days, gelation does not occur at pH less than 3. 

At pH 3 solid starts to precipitate, where gel formation is low. Silica yields gradually increases 

with increasing pH, with a maximum yield occurring at around pH 7. Increasing silica yields, 

decreasing the gelation time with increasing pH. When the pH is greater than 8, formed gels 

are unstable and partially redissolved. At pH 11, these gels dissolve almost entirely in water. 

On the other hand, gelation pH has a great effect on porosity and particle size of produced silica 

[84]. 

 

 
 

Fig. 4.10 Effect of pH on gelation time. 

 
The effect of temperature on the gelation time is shown in Fig. 4.11. At 1.5 % silica content, 

while keeping pH 6.0, it seems that, gelation time decreases with increasing temperature. 

Increasing temperature from 20-50ºC increases surface area of silica due to accelerated growth 

of silica framework with increasing temperature. Also Jurinak and Summers [85] suggested 

that at fixed pH, the polymerization rate increases as the temperature rises, hence the gelation 

time decreases. 
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Fig. 4.11 Effect of Temperature on gelation time. 

 

4.5.3 Syneresis 
 
A particulate gel network forms during the precipitation process, when, monomeric silicic acid 

is formed by mixing aqueous sodium silicate and sulphuric acid, which polymerizes, and 

eventually, precipitates as solid silica. That gel network is fragmented continuously by a stirrer, 

resulting in gel fragments. These fragments restructure due to the continuing polymerization. 

As direct consequence of the restructuring, the gel fragments shrink, and the liquid content is 

expulsed. This process is known as syneresis [86]. 
 
The stages from the beginning to increase viscosity, gel network formation reaching a 

maximum strength. This is then followed by the gel syneresis process, where liquid is expelled 

from the network to cause gel shrinkage. Typically, there is a period after gelation time, where 

no shrinkage takes place until the formed gel approaches maximum strength. This has also been 

reported by Brinker and Scherer [87]. 
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Fig. 4.12 Precipitation process of silica [88].  

 
25ºC temperature and pH of 6 is considered as an example to demonstrate the effect of 

concentration of silica (%) on syneresis (ml). For a given pH, increasing silicate content (wt 

%) accelerates the starting of shrinkage. Fig. 4.13 shows that, at a given pH, the higher the 

silicate content, the higher the shrinkage rate and total shrinkage. On the other hand, shrinkage 

increases with both increasing and decreasing of pH from 6. However, a decreasing trend of 

shrinkage is observed at pH below 5. 

 

 
 

Fig. 4.13 Effect of concentration of silica (%) on syneresis (ml). 

 

pH directly affects the solubility of the monomeric silicic acid. For pH<5, the solubility is 

constant and very low, but it increases dramatically for pH>5 by several orders of magnitude. 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 0.5 1 1.5 2 2.5 3 3.5

Sy
ne

re
si

s 
(m

l)

Silica concentration %



85 
 

This is due to an equilibrium between the monomeric silicic acid and its deprotonated anion 

that can be stabilized by water molecules [89]. The equilibrium is shifted to the anion with 

increasing pH. Thus, pH affects the supersaturation.  

 

 
 

Fig. 4.14 Effect of pH on syneresis (ml) at 1.5 % SiO2 and temp 25ºC 

 
The rate of syneresis usually increases with temperature [90]. Since syneresis involves a kinetic 

phenomenon, this may be expected. The enclosed pore liquid must move through the solid 

skeleton to obtain shrinkage. This movement depends on the viscosity of the pore liquid and 

reaction rate of the polymerization. The latter affects the permeability, and, thus the compliance 

of the solid skeleton [90]. The viscosity of the pore liquid decreases with increasing 

temperature, but the reaction rate increases disproportionately. The drainage of the pore liquid 

becomes the rate-limiting process. It is assumed that the stress produced by the formation of 

siloxane bonds is lowered by shear deformation rather than volume decrease [86]. 
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Fig. 4.15 Effect of temperature (ºC) on syneresis at 1.5 % SiO2 and at pH 6 

To address the effect of temperature on syneresis, a gel prepared at three different temperatures 

within 20 – 60ºC with a sodium silicate content of 1.5 wt% at a pH of 6.0. As shown in Fig. 

4.15, higher temperature accelerates the shrinkage. Syneresis rate at 20, 37 and 55ºC are 

approximately 0.1 ml, 0.2 ml and 0.3 ml respectively.  

4.6 Characterization of As-produced Precipitated Silica 
 
A photograph of the as-produced precipitated silica powder after drying and milling is shown 

in Figure 4.16. The material looked like white free flow powder and slightly greyish. 

 

 

 

 

 

 

 

 

(a) 

 

 
 
 
 
 
 
 
 
 

(b) 

 

Fig. 4.16 As-produced precipitated silica from rice husk ash (a) White free flow powder; 
(b) Slightly greyish crystal. 
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The precipitated silica powder was extracted from obtained ash by NaOH solution. According 

to the XRD analysis (Fig. 4.17), the extracted silica powder was amorphous. The broad pick at 

2θ angle of 22º confirmed the amporphous nature of the silica in this study [91]. Similar 

properties have been reported by Kalapathy at el. [30]. This amorphous form is an advantage 

towards the preparation of silicon-based materials, because silica is rendered active in its 

amorphous form [91]. 

 

 

 
 

Fig. 4.17 XRD patterns of the as produced precipitated silica from rice husk ash. 
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During the aging period, the silicate species were gradually crystallized in order to form 

siloxane network (Si-O-Si). The scanning micrographs of precipitated silica (Fig. 4.18) 

exhibited the agglomerate particles with the uniform size in a range of 0.3-0.8 µm. This is 

because the well-organized assembly of silicate ions reacted with the cationic template in 

adequate crystallization. 

 

 
(a) 

 
(b) 

Fig. 4.18 FE-SEM images of precipitated silica at different magnifications (a) FESEM images of 
precipitated silica (1 µm; X 10000); (b) FESEM images of precipitated silica (100 nm; X 30000). 

 
The chemical composition of as produces precipitated silica has been identified to be mainly 

silica (SiO2). Since it is well known fact that the submicron silica particles can be a potential 

health hazard [65], especially when in crystalline form, particle size analysis was necessary to 

determine the size distribution of the precipitated silica material for both safety and process 

design in terms of material handling considerations. The cumulative particle size distribution 

of the as-produced precipitated silica is shown in Table 4.7. 

 
Table 4.7: Particle size analysis of as- produced precipitated silica from rice husk ash 

 
Sample ID Particle Size d10 

(µm) 

Particle Size d50 

(µm) 

Particle Size d90 

(µm) 

As-produced silica-1 2.5 9.9 14.1 

As-produced silica-2 2.5 11 17.5 

  
The particle size distribution shows that 90 vol% (d90) is as-produced silica-1 and 2 is 14.1 µm 

and 17.5 µm respectively, 50 vol% (d50) 9.9 µm and 11 µm and 10 vol% (d10) is 2.5 µm each 
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sample. It can be seen that further grinding or milling of this material will readily bring it to 

submicron particle size distributions.  

 
The XRF analysis of three batches of precipitated silica produced in this research work is 

shown in the following Table 4.8. 

 

Table 4.8: XRF analysis of as-produced precipitated silica from rice husk ash 

Chemical 
Composition 

RHA- Silica 
Experiment# 01 

RHA- Silica 
Experiment# 02 

RHA- Silica 
Experiment# 03 

wt. (%) wt. (%) wt. (%) 

SiO2 97.15 % 97.58 % 98.48 % 

Na2O  1.64 % 0.98 % 0.54 % 

SO3  0.53 % 0.62 % ---- 

Al2O3  0.31 % 0.29 % 0.33 % 

CaO  0.14 % 0.30 % 0.29 % 

Fe2O3  0.09 % 0.09 % 0.06 % 

K2O  0.08 % --- 0.05 % 

MgO  0.04 % 0.11 % 0.11 % 

P2O5  0.014 % 0.017 % 0.009 % 

MnO  0.005 % 0.003 % 0.005 % 

ZnO  0.004 % 0.005 % 0.006 % 

 

The only difference between rice husk ash-silica experiment #1, #2 and #3 is the method of 

post leaching rinsing or washing. With rice husk ash silica experiment #1 and #2, the leached 

residue was retained on the filter paper and continuously washed with flowing warm de-ionized 

water until near neutral pH. In the case of rice husk ash-silica experiment #3, the leached 

residue was rinsed with warm deionized water to a volume approximately equal to the original 

leach solution volume. 
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The result showed in Table 4.8 depicted precipitated silica from rice husk ash- experiment #3 

to have relatively high silica content and low impurities when compared to the analysis of the 

other two experiment. One possible explanation to this observation is that when the rice husk 

ash is leached with warm di-ionized water of approximately equal volume HCl solution, a 

neutral pH is reached quickly which results in the hydrolysis of oxide ions into soluble 

hydroxide. The insoluble salt adheres to silica particles is then retained during filtration. Thus, 

it is better to maintain a slightly acidic medium during the rinsing action after leaching [92]. 
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5. PRODUCTION COST ANALYSIS 
 
 
Bangladesh is the world sixth largest rice producer and one of the highest per capital consumer 

of rice (about 170 kg annually). To meet up the demand, presently there are more than 20,000 

rice mills operating in Bangladesh, those are husking and preparing about 30 million metric 

tons of rice annually [93]. So, about 6 million metric ton of rice husk is generating every year 

from rice mills [93].  

 
Burning rice husks as a fuel to generate heat for boiling rice resulting rice husk ash. About 1 

million tons of rice husk ash are now generating annually, those are using for landfill and keep 

in open environment which causes serious environmental problem. With large silica content in 

the ash (80% - 95%) it becomes economical to extract silica from the ash. Due to local 

availability and cheap price of rice husk ash and other raw materials like, commercial grade 

caustic soda, HCl, sulphuric acid makes this process more cost effective than any other 

conventional process to manufacture high purity precipitated silica.  

 
The cost of production includes cost of all consumable raw materials and energy used in the 

process. Table 5.1 gives an estimate of these costs and also gives cost comparison with 

conventional processes.  

 

Table 5.1: Cost analysis of different methods of producing precipitated silica 

Particulars Existing sand process 
[94] 

Existing RHA process 
[95] 

Our method 

Cost BDT/kg of silica Cost BDT/kg of silica Cost BDT/kg of silica 

Raw Material 40.00 38.00 35.00 

Power cost @ 

BDT 9.2/Kwh 
6.00 6.00 6.00 

Thermal energy 
cost 

3.00 2.50 2.00 

TOTAL 49.00 46.50 43.00 

 
 

This process for generation of precipitated silica has been developed from rice husk ash, which 

can be used for commercial exploitation. This not only impact economic and industrial sector 

in Bangladesh, but also solves the disposal problems of the ash.  
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6. SUMMARY, CONCLUSIONS AND FUTURE WORK 
 

6.1 Summary and Conclusions 
 
The feasibility of producing high purity precipitated silica from rice husk ash has been studied 

in this work. The rice husk ash originally collected from local automatic rice mills was 

combusted in different types of solid fuel steam boilers preferably FBC boiler to yield a 

whitish/greyish colored rice husk ash (RHA). The rice husk ash after initial characterization 

was subjected to a purification treatment of leaching and hot water washing. The purified rice 

husk ash was then digested with NaOH in predetermined weight ratios and specified 

temperature and pressure to prepare liquid sodium silicate. The silica content of sodium silicate 

was then precipitated by neutralizing sodium silicate solution using sulphuric acid. Sulphuric 

acid was added very slowly until acidic conditions is reached. The acidic condition indicates 

complete precipitation of silica from sodium silicate. A white precipitate of silica in solution 

of sodium sulphate was obtained. The silica obtained was filtered and sodium sulfate was 

removed by proper rinsing of silica by warm deionized water. The following conclusions can 

be drawn based on the studies carried out in this research to achieve high purity precipitated 

silica from locally available rice husk ash: 

 

▪ It is feasible to synthesize precipitated silica of high purity from rice husk ash. The 

processing steps followed in this study have constituted an integrated process for 

producing precipitated silica from rice husk ash with reasonably high purity. 

▪ The purity of rice husk ash in terms of silica content can be improved by leaching in 

hydrochloric acid followed by rinsing with warm di-ionized water. An equal volume of 

hydrochloric acid and warm deionized water was maintained for leaching. 

▪ 2M HCL solution was found to be a better leaching agent for rice husk ash leaching 

treatment. 

▪ Initial charge composition in terms of percent of sodium hydroxide (NaOH) was found 

to influence the yield of silica upon digestion in specific temperature and pressure. 

Increased amount of silica was achieved with higher or lower change of NaOH. 

▪ The optimum range of the ratio of rice husk ash and sodium hydroxide was from 0.3 to 

0.4 and molarity of the alkaline solution was 1.25 M to 1.67 M. 

 



 
 

 
 

 

▪ Temperature of digestion was kept constant at 150ºC, reaction period was 3 hours and 

the ratio of rice husk ash and water was 1:6. 

▪ Precipitated silica was prepared by acidification of the sodium silicate stock solution 

with sulphuric acid followed by filtration, washing, drying at 120-150ºC, followed by 

powdering to the desired size and bulk density. 

▪ The silica was precipitated by adding diluted sulphuric acid to the filtered alkaline 

silicate solution at room temperature to 100ºC. 

▪ The yield of precipitated silica was up to 68% of the amount of silica present in the 

initial rice husk ash. 

6.2 Future Work 
 
The present work has been focused on manufacturing of precipitated silica form rice husk ash 

using laboratory facilities. The following recommendations are suggested for any further 

research in this area: 

▪ Further bench work using the suggested integrated process flowsheet as a platform will 

be needed to establish the range of attainable RH-Silica purity from relatively form 

large batch samples. Such future work may provide useful information as to whether or 

not there is a correlation between the size of the charge to the process and the purity of 

the rice husk ash- Silica obtained. This will prove useful information when considering 

scalability of the process. 

▪ Future work will also be needed to establish the commercial feasible route for synthesis 

of different grades of precipitated silica and silica gel or novel techniques that can 

remove more reactive impurities contained in the rice husk ash-Silica. 

▪ This research tried successfully to explore cost-effective synthesis of high purity 

precipitated silica using rice husk ash. More detailed economic evaluation of this 

process may be focused. 
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