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ABSTRACT 

According to the Food and Agriculture Organization of the United Nations 

(FAO), the global paddy rice production in 2013 is estimated to be 746 million tons. 

Based on this, the amount of rice husks (RHs) are estimated to be ca. 160 million tons. 

Applications of RHs have been very limited. Therefore, RHs are often considered as a 

biowaste. RHs could be a suitable candidate of feedstock for silica based materials 

because of their high silica content (15−28 wt %) and large availability. In recent years 

environmental demand and sustainable development have become increasingly important. 

It is important to study and utilize RH biowaste, and convert RHs into valued materials. 

This is the focus of this research. The work is reported and summarized in seven chapters 

in this dissertation. 

Chapter 1 is an overview of the preparation of silicon based materials from rice 

husk biomass. Researches have been conducted on using RHs as a raw material to 

synthesize a number of silicon compounds, including silica, silicon carbide, silicon 

nitride, silicon tetrachloride, zeolite, and elementary silicon. The applications of such 

materials are very comprehensive. Synthesis of these silicon based materials from RHs 

and their applications are reviewed in this chapter. 

In Chapter 2, efforts on comprehensive utilization of RH have been made to 

obtain both lignocellulose and high quality porous silica nanoparticles. RHs are mainly 

composed of lignocellulose (ca. 72-85 wt %) and silica (ca. 15-28 wt %). The majority of 

previous explorations focused on the preparation of silica or other silicon based materials 
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from RHs. The lignocellulose in RHs was usually burnt and wasted. In this study, most of 

the lignocellulose in RHs was extracted by ionic liquids which are environmentally 

benign solvents. The dissolved lignocellulose was separated and collected. The RH 

residue after extraction contains a high concentration of silica and was thermally treated 

to synthesize amorphous porous silica nanoparticles with a high purity and surface area. 

During the extraction of lignocellulose using ionic liquids, some metal cations (e.g., K
+
) 

that can compromise the synthesis of silica are removed, which is synergistic for this 

comprehensive approach to make full use of RH biomass. 

Chapter 3 studied the effects of different sources of silica on synthesizing lithium 

aluminum silicate (LAS) powders via a sol-gel method. Silica from the ash of untreated 

rice husk (RHA), silica from HCl treated rice husk (Silica-RH-HCl), and fumed silica 

were used to prepare LAS powder with various calcination temperatures, i.e., 400, 600, 

800 and 1000 °C. X-ray diffraction (XRD) characterization showed that, in terms of 

apparent reactivity in the LAS synthesis, fumed silica has the highest reactivity. The 

silica from HCl treated rice husk has a similar but slightly lower reactivity when 

compared to fumed silica. RHA has the lowest reactivity among the three silica sources. 

This apparent reactivity is mainly determined by the intrinsic structure, including surface 

area and crystallinity of silica, which can be characterized by XRD and BET 

measurement. Overall, a higher surface area and low crystallinity are favored for the 

proceeding of reactions. More details about the intrinsic structure of silica are discussed 

in this chapter. 
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In Chapter 4, platinum nanoparticles (Pt-NPs) supported on silica derived from 

HCl treated RHs were prepared. Pt-NPs based catalysts have received attention in the 

past decades because of their unique catalytic properties in many important industrial 

processes. Experimentally and theoretically the size of Pt-NPs plays a crucial role in 

governing the catalytic activity. Smaller Pt-NPs exhibit higher catalytic activity. Silica 

has been extensively used as a support to synthesize metal nanoparticles for 

heterogeneous catalysis applications. However, the silica used was mostly prepared from 

silanes, such as tetraethoxysilane (TEOS), via a sol-gel process, which is expensive and 

non-environmentally friendly. Moreover, the silica particles from the sol-gel process 

typically possess a smooth surface, which is not ideal for the supporting of metal 

nanoparticles. In Chapter 4, we report a facile method to synthesize Pt-NPs based 

heterogeneous catalysts using the silica from RHs as the support. The biogenic silica 

from RHs offers a rough surface, which appeared to be much more ideal for supporting 

Pt-NPs than the TEOS derived silica particles. 

In Chapter 5, fluorescent silica was prepared from acid treated RHs with various 

conditions. The fluorescence intensity of some samples was strong enough to be viewed 

by naked eyes in daylight at room temperature when irradiated by 365 nm UV light. The 

fluorescence intensity of the silica samples was roughly proportional to its carbon 

content. The higher carbon content resulted in stronger the fluorescence intensity. The 

fluorescence mechanism of the silica from RHs was discussed based on the experimental 

data in this chapter and the results from the literature. 
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In Chapter 6, four colored ceramic pigments green, blue, yellow, and red/coral, 

were prepared using three different silica precursors which are fumed silica, the silica 

from HCl treated RHs, and commercial crystalline silica. Studies showed that the silica 

from HCl treated RHs has a similar apparent reactivity to fumed silica, and can be a 

suitable substituent material for the pigment preparations. Among the three silica 

precursors, commercial crystalline silica exhibited the lowest apparent reactivity in terms 

of ZrSiO4 conversion rate. The apparent reactivity of the three silicas has a similar pattern 

to that of the silicas studied in Chapter 3. Overall, higher degree of silica crystallinity 

results in a lower reactivity for the pigment synthesis. 

In Chapter 7, a brief summary and the outlook are discussed. Categorization of 

biomass is defined and discussed. Biomass was divided into three categories, which are 

food competitor, non-food competitor, and biowaste. RHs are a “true biowaste” based on 

our definition. Compared to the other two categories of biomass, true biowaste would be 

the most economical resource to take advantage of since the investment on the raw 

material would be virtually “zero”. As such, RH biomass is still worthy of further 

investigation and exploration, because it has great potential in terms of both sustainability 

and business profit. 
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CHAPTER 1  

Silicon Based Materials from Rice Husk Biomass 

1.1 Introduction 

Rice husk (RH) is a byproduct of rice production.
1-3

 RH contributes ca. 2025 wt 

% of the total dry weight of paddy rice.
1, 4

 The global rice production in 2012 was 

estimated to be 489.1 million tons,
5
 which means approximately 122163 million tons of 

RH biomass was generated in 2012. The utilization of RH has been limited because of 

their tough and abrasive nature, low nutritive value, and low bulk density.
6-8

 The most 

common RH disposal approaches is open field burning, which results in waste of energy, 

air pollution, and greenhouse gas emission.
9
 

The main components in RH are lignin, cellulose, and hemicellulose, which are 

generally named lignocellulose. RH also contains ca. 15 to 28 wt % of silica.
10-12

 The 

high content of silica in RH presents opportunities for the preparation of value-added 

silicon based materials. Since the 1970s, various silicon based materials, including silica, 

silicon carbide, silicon nitride, silicon tetrachloride, zeolite, and silicates, have been 

successfully synthesized using RH as the silicon source.
13

 This field of research has been 

significantly advanced and expanded in the past decade spurred by the global attention on 

sustainable and renewable resources. A review of the advancement in the synthesis of 

silicon based materials from RH biomass in the past ten years is necessary to define 

future prospects of this field. 

1.2 Structure and components of rice husk (RH) 

It was not until 1938 that the existence of silica in RH was discovered.
10

 Silica is 

used by plants for protection and also to improve drought tolerance and disease 
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resistance.
14

 Rice plants absorb silica in the form of soluble silicic acid, Si(OH)4, which 

enters the root of rice from the surrounding soil. Little is known about the mechanism 

that allows for high silicon uptake. After silicic acid is absorbed, it is transported to the 

stelai, sheaths, and leaves of the rice plant.
15

 Through evaporation and polymerization, 

Si(OH)4 becomes concentrated into SiO2nH2O. This prompts the formation of 

cellulose/silica composite membrane. It is commonly believed that some of the silica in 

RH is bonded to organic compounds but so far few details are available.
16-17

 

Characterization of RH, including X-ray diffraction, infrared spectroscopy, thermal 

analysis, and scanning electron microscopy, reveal that the highest concentration of silica 

is found on unbroken dome-like protrusions of the outer epidermis layer.
18

 High 

concentrations of silica in RH can also be found on hairs called trichomes on both the 

inner and outer epidermis and in-between epidermal cells.
19

 The content of silica in RH 

dependents on climate, soil composition, and rice variety.
15

 

Harvesting silicon based materials has been the major research focus on the 

application of RH, since silicon based materials have widespread applications.
20-21

 It can 

take advantage of the high value material from RH, and minimize the environmental 

issues associated with the current applications/disposals of RH. Many economical and 

green approaches to synthesize valuable silicon based materials from RH biomass have 

been developed.
13

 

1.3 Silica 

Silica plays an important role as ingredients in food, pesticides, and personal care 

products; as fillers in plastics, rubbers, and coatings; and as starting materials for 

semiconductors, silicates, and ceramics.
22-23

 Recently, silica has also been explored for 



3 

 

biomedical applications.
24

 The application and value of silica are highly depending on its 

crystallinity and micro-structure. Crystalline silica is the most abundant material in the 

earth’s crust, but its application is limited mainly owing to its low reactivity.
22-23

 

Amorphous silica with high surface area is important to many key chemical applications, 

including absorbents, thermal insulators, and catalyst supports.
25

 High quality amorphous 

silica is mainly produced through a multi-step process starting from the carbon thermal 

reduction of raw natural silica, sand. The process is associated with high temperature, 

high pressure, and strong acidity, which is energy intensive and eco-hazardous.
26

 To 

minimize the above issues, and meet the extensive and increasing demand on silica for 

widespread applications, it is necessary to seek an economical, eco-friendly, and 

sustainable approach to prepare high quality silica. 

The term rice husk ash (RHA) has been adopted to describe various products after 

various thermal treatments of RH. In this review, we define RHA as the product from 

non-controlled burning of non-treated RH. RHA contains incompletely burned organic 

components and a mixture of crystalline and amorphous silica. The products from 

controlled calcination of RH or from treated RH are referred to as RH silica, which 

typically contains a very low level of impurities compared to that of RHA. 

1.3.1. Preparation of silica from RH 

1.3.1.1. Silica from direct calcination of RH 

The direct calcination of RH is a simple method for the collection of silica. The 

morphology and property of the obtained silica depends critically on the calcination 

conditions. The effects of calcination temperature, duration, atmosphere, and instrument 

on the resultant silica have been extensively investigated. 
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Shen et al. conducted thermal treatment of raw RH at 600, 700 and 800 °C for 0.5, 

1.5, 2.5 and 3.5 hours with air.
27

 The silica from the calcination of RH at 600 °C was 

amorphous. Calcination of RH at 700 °C was both amorphous and crystalline. The silica 

exhibited a higher degree of crystallinity after a longer duration of calcination at 700 °C. 

The RH silica was completely crystalline when treated at 800 °C. The degree of 

crystallinity of silica from direct thermal treatment of raw RH was sensitive to the 

calcination temperature, duration, and presence of alkali metal impurities such as K, Ca 

since they can induce the silica to melt.
27

 

Direct calcination of RH is simple and straightforward.
28

 The silica usually 

contains an appreciable amount of metallic and other impurities. A typical RHA 

compositions are shown in Table 1.1.
29

 

 
Table 1.1 Composition of RHA derived from calcination of raw RH at 600 °C for 12 h.29 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O MnO TiO2 P2O5 

93.2 0.13 0.07 1.23 0.25 0.78 0.08 0.33 0.006 0.15 

 

1.3.1.2 Silica from calcination of treated RH 

1.3.1.2.1 Water pretreatment 

In order to obtain high quality amorphous silica from RH, proper pretreatment is 

needed. Water leaching of raw RH to remove adhering soil, dust, and some metal cations 

was found to be one of the simplest pretreatments to obtain high quality RH silica.
27, 30-33

 

Shen et al.
27

 examined and compared the effects of calcination parameters on the 

crystallinity of silica from the raw RH and water-leached RH. The raw RH was washed 

with deionized (DI) water at 25 °C at a rate of 80 mL/g (H2O/RH) for 4 hours. Then the 
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water-treated RH was calcined at 600, 700 or 800 °C for 0.5, 1.5, 2.5 or 3.5 hours. All the 

silica samples from water treated RH was amorphous, which was different from that of 

non-treated RH.
27

 The non-treated RH tended to give crystalline silica after prolonged 

calcination at higher temperatures.
19, 27

 The conversion from amorphous to crystalline (-

cristobalite) of silica derived from water-treated RH was found to start at ca. 850 °C.
33

 

Wang et al. used elemental analysis to show that the simple water rinse can effectively 

remove most minerals except for K and Ca in RH.
30

 Compared with raw RH, the water 

rinsed RH is beneficial for obtaining amorphous and high-purity silica.
27, 30

 There are still 

metal impurities and carbonaceous residue remaining in the synthesized silica. In order to 

prepare even higher purity and more amorphous silica from RH, pretreatment of RH with 

acid or base is needed.
30

 

1.3.1.2.2. Acid pretreatment 

Many efforts have been made to reduce metal and carbonaceous impurities to 

synthesize high quality RH silica. Certain minerals in RH, such as K and Ca, were found 

to be responsible for the residual carbon and crystallinity in the synthesized RH silica. 

The eutectic reaction between minerals and silica during the calcination of RH is 

responsible.
34-35

 Acid-leaching is widely used prior to calcination to effectively remove 

metal impurities from RH. 

Hydrochloric acid (HCl) treatment has been widely adopted for the preparation of 

silica from RH. In general, RH was boiled in HCl solution for 13 hours followed by 

thoroughly water rinsing and drying.
36-40

 The pretreated RH was calcined at 600900 °C 

to yield silica. HCl solutions with various concentrations were used for pretreatment.
4, 41-

45
 Even a low concentration (0.1 N) of HCl solution is effective to remove metal 
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impurities.
41

 According to Zemnukhova et al., after leaching by 0.1 N HCl, the RH was 

thermally treated first at 400 °C and then at 700 °C to synthesize high purity (ca. 99.9%) 

amorphous silica with a specific surface area of ca. 297 m
2
/g.

41
 Similar results have also 

been reported by several other groups.
42, 46-47

 According to Yalçin et al., silica with a 

purity of around 99.1% was produced from the RH leached with 3% (v/v) HCl.
47

 In their 

study, samples were calcined at 600 °C for 3 hours under flowing argon and 1 hour under 

flowing oxygen. 

The heating rate was found to be an important parameter regarding the properties 

of the final silica from acid treated RH such as purity, specific surface area, and the 

porosity of the silica.
48-50

 Increasing the heating rate led to a higher silica yield, but 

decreased the specific surface area of silica.
48-50

 At a heating rate of 5 °C/min, the 

specific surface area of the prepared silica powders can be up to 235 m
2
/g. The purity was 

higher than 99.7 %.
48-50

 

It has been suggested that the minerals in RH, particularly K, significantly affect 

the purity and crystallinity of RH silica nanoparticles.
51-53

 In order to better understand 

this, Wang et al. conducted a systematic investigation.
30

 They first verified that HCl 

treatment was indeed effective to remove the metal impurities by conducting elemental 

analysis on the silica derived from the calcination of the HCl treated RH. Two samples of 

HCl treated RH were intentionally doped with Ca
2+

 and K
+
 respectively. The Ca

2+
 and K

+
 

doped RH were calcined at 700 °C for 2 hours. The subsequent characterizations showed 

that the K
+
 doped RH led to the formation of semi-crystalline silica, while Ca

2+
 doped 

RH resulted in amorphous silica. This was very similar to preparations from metal free 
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RH. The above control experiments offered solid evidence and confirmed that K
+
 was the 

significant factor for preparing high-quality silica from RH. 

The negative effect of K
+
 comes from the promotion of the melting of silica 

particles. The melting of silica lowers the silica surface area, increases silica particle size, 

and is responsible for the encapsulation of impurities, that results in crystallization of 

silica upon cooling.
30

 

Another major source of impurity for RH silica is the carbonaceous residue from 

the incomplete combustion of the organic components in RH. A sufficiently high 

calcination temperature of ca. 700 °C is needed to completely remove the carbonaceous 

impurity.
30

 Figure 1.1 shows the representative optical pictures and Figure 1.2 shows the 

SEM images of silica samples prepared from various combination of pretreatment and 

calcination conditions.
30

 Both pretreatment (to remove mineral impurities) and 

calcination condition (to remove carbonaceous materials) are critical for the synthesis of 

high purity silica nanoparticles with high surface area (Figure 1.2A−1.2C).
30

 Figure 1.2A 

shows the completely melted silica from high combustion temperature and the presence 

of K
+
, while Figure 1.2C shows the partially melted silica forming irregular porous 

structures. This is probably because the silica at this region started to cool down before it 

was completely melted and fused because of insufficient heat supply. Figure 1.2B shows 

the transition between the two regions. Under controlled conditions (700 °C calcination 

and acid treatment of RH), amorphous silica nanoparticles of 2030 nm with narrow size 

distribution were prepared (Figure 1.2G).
30
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Figure 1.1 Representative silica samples exhibiting various colors; (A) white silica from HCl 

treated RH (700 °C, 2 h); (B) off-white silica from HCl treated RH (600 °C, 4 h); (C) light grey 

silica from water treated RH (800 °C, 2 h); (D) grey silica from water treated RH (600 °C, 2 h). 

Reprinted with permission from reference,30 copyright 2011 Springer 

 

 

 

 

 

Figure 1.2 SEM images of silica samples. (A, B, C): silica from open field burning of raw RH; 

calcination of silica from water treated RH: (D, 700 °C, 2 h; E, 800 °C, 2 h; F, 800 °C, 8 h); 

calcination of silica from acid treated RH (G, 700 °C, 2 h; H, 800 °C, 2 h; I, 800 °C, 8 h). 

Reprinted with permission from reference,30 copyright 2011 Springer 
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Besides HCl, various other acids including H2SO4,
34, 47

 HNO3,
54-61

 and HBr
62

 etc. 

have been used to treat RH to produce high quality silica. In order to establish a more 

environmentally benign process to synthesize high purity silica from RH, dilute H2SO4 

solutions (15%) were used to leach RH instead of the high concentration (10-20%) 

H2SO4 solution as reported in the previous study.
34, 63

 RH was first soaked in the dilute 

H2SO4 solution at 44 °C for 15 min. Following a brief rinse to remove the residual H2SO4 

and dry at 100 °C for 1 hour. RH was calcined at 6001000 °C for 30 min in air to 

produce high purity silica.
34

 The results showed that dilute H2SO4 solution did not cause 

RH fragmentation as did by concentrated H2SO4 solution. The charring of the 

carbonaceous materials in RH was significant when concentrated H2SO4 solutions were 

used for the leaching treatment.
63

 Low concentration H2SO4 solution (<5%) was 

sufficient to remove metallic impurities in RH. The high purity amorphous silica (99.3%) 

was produced when using 5% H2SO4 leaching treatment followed by calcination at 

800 °C for 30 minutes.
34

 The crystallization of amorphous silica was found to occur at 

1000 °C or higher.
34

  

Because of the low corrosivity, low cost, and environmental friendliness, organic 

acids recently have attracted attention as alternatives to the strong acids to pretreat RH. A 

number of organic acids, such as acetic acid,
32

 oxalic acid,
32

 and citric acid, 
35, 64

 were 

good candidates for the removal of the metal impurities in RH to obtain high purity silica. 

The strong chelate effect between the carboxyl groups of the organic acid and metallic 

impurities contained in RH facilitates the removal of such impurities. The amorphous 

silica with a purity of 93.096.7% has been synthesized by leaching RH using organic 
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acids followed by calcination at 700 °C for 2 hours.
32

 Though less efficient than HCl, 

both oxalic and acetic acids were found effective for removing all metal impurities. 

Umeda et al. soaked RH in 17 wt % citric acid solutions with stirring for 15120 

minutes, followed by distilled water rinse at 20 °C for 15 minutes with stirring to remove 

the citric acid residue from RH.
35

 After drying at 100 °C for 60 min, the pretreated RH 

were calcined at 800−1000 °C for 30 min in a muffle furnace with an air flow rate of 0.42 

mL/s. Leaching RH with 1 wt % citric acid could significantly reduce the metal 

impurities in RH. Na2O and K2O were completely removed.
35

 The removal of Ca based 

impurities depended on the citric acid solution concentration, temperature, and stirring 

time. The CaO content in silica was reduced to 0.03% when RH were soaked in 5 wt % 

citric acid solution at 80 °C for 60 min, followed by thermal treatment at 800 °C for 30 

min. The crystallization starting temperature of RH silica was 1100 °C which is 

significantly higher than that of RH silica obtained from raw RH (generally 700 °C or 

higher).
30

 This was attributed to the prevention of eutectic reaction of silica with K2O or 

Na2O impurities by reducing their contents in RH.
35

 The calcination time was not 

significantly effective regarding the crystallization of RH silica. In conclusion, the 

amorphous silica with a high purity of 99.599.7 wt % and a very low carbon content 

(0.020.03 wt %) was synthesized from 5 wt % citric acid treated RH followed by 

calcination at 8001000 °C.
35

 

The corrosive nature of strong inorganic acids increases the demand for anti-

corrosive reactors which may not be cost effective for practical production. Organic acids 

(especially citric acid) are expected to be ideal candidates for future commercialization of 

harvesting high quality silica from RH. 
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1.3.1.2.3. Base or salt pretreatment 

Bases have also been explored to treat RH to remove metal impurities. Sodium 

hydroxide (NaOH) was most commonly used. Yalçin et al. soaked raw RH in 3% NaOH 

solution for 24 hours at room temperature after being washed with water and dried at ca. 

110 °C for 24 hours.
47

 After being thoroughly washed with distilled water and dried at 

110 °C to remove NaOH residue, the alkaline leached RH was calcined at 600 °C for 4 

hours in static air. The RH silica with a low silica content (39.8%) was obtained. NaOH 

treatment was not effective in making high purity RH silica.
47

 Markovska et al. studied 

the extraction of silica by NaOH solution. Raw RH were boiled in 2, 4, 6 or 9 N NaOH 

solutions for 1 or 3 hours.
65

 After filtering and rinsing, the RH was dried at 110 °C for 24 

hours and then used for study. The results showed that after NaOH leaching, the silica 

content in RH was decreased, to zero in some cases. The optimal extraction was observed 

by boiling RH in 2 N NaOH solution at 100 °C for 3 hours.
65

 NaOH is used to treat RHA. 

Its use is discussed in section 3.1.3.2 as an extracting agent. 

Salts, such as KMnO4, has also been used to pretreat RH.
66

 Javed et al. first 

washed RH with DI water and dried in an oven at 105 °C for 24 hours. After soaking for 

30 min in 0.1, 0.05 or 0.005 M KMnO4 solutions, the treated RH was dried in oven at 

105 °C for 24 hours, ground for 30 minutes, and passed through a 10 mesh sieve using a 

vibration machine. The grounded samples were heated up to 500, 600 or 700 °C from 

ambient temperature (10 °C/min). After 6 hours of thermal treatment, the samples were 

cooled down and ground for 30 min into fine powders. The results showed that the 

pretreatment of RH with a low concentration of KMnO4 was beneficial for the production 

of amorphous silica in comparison with the samples without KMnO4 pretreatment. It was 
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hypothesized that the liberated O2 facilitated the calcination of RH. Too high a 

concentration of KMnO4 harms the RH silica quality. Potassium element can facilitate 

the formation of a glassy surface that will prevent further oxidation process and 

accelerate the crystallization of silica into cristobalite. The pretreatment with a high 

concentration of KMnO4 increased carbon formation and reduced the RH silica quality. 

The 0.05 M KMnO4 solution was found to be optimum for treating RH. Temperature is 

an important parameter for making RH silica. In this study, the most amorphous silica 

was produced by the calcination of RH treated with 0.05 M KMnO4 solution at 500 °C 

for 6 hours.
66

 

1.3.1.2.4 Pretreatment for morphology control 

Most researches focused on the purity and crystallinity when synthesizing RH 

silica. The micro-structure of the silica has been largely ignored. Sun and coworkers 

recently conducted an in-depth exploration of the micro-structure of biogenic silica 

nanoparticles.
46

 With the help of transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), small angle X-ray scattering (SAXS), and surface area 

characterization, they revealed that the silica nanoparticles (20-30 nm in diameter) 

synthesized from the calcination of HCl treated RH at 700 °C for 2 hours were actually 

composed of smaller primary silica nanoparticles with a diameter of ca. 4.2 nm according 

to SAXS. The nanoparticles exhibit a self-similar property. The mass fractal dimension 

Dm is about 2.8, which shows a good match for a 3-dimensional fractal aggregate. The 

Barrett-Joyner-Halenda (BJH) analysis revealed that such silica nanoparticles possess a 

group of pores with a diameter ranging from ca. 2.09.0 nm. This was believed to be 

contributed by the gaps between the primary particles. The porosity characterization 
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supplements the TEM and SAXS results. 2030 nm silica nanoparticles originated from 

the clustering of primary silica nanoparticles to form a porous 3-dimensional fractal 

aggregate. 

The clustering of primary silica nanoparticles is believed to be caused by the trace 

amount of K
+
 that are not removed by HCl treatment. This phenomenon inspired the 

researchers to create a tunable porous structure by partially melting the silica 

nanoparticles through doping the pre-synthesized 2030 nm silica nanoparticles with K
+
 

cations followed by controlled thermal treatment. The characterization results showed 

that such a strategy worked well.
46

 Figure 1.3 shows the SEM images of a series of 

porous silica frameworks synthesized from the calcination of KNO3 solution treated silica 

nanoparticles at 800 °C for various durations. Figure 1.3A, 3B, and 3C clearly show the 

gradual melting and pore structure formation progress of 0.20 M KNO3 solution doped 

silica nanoparticles. Two hours of thermal treatment at 800 °C led to significant 

clustering of the silica nanoparticles. After 4 hours of treatment at 800 °C, the 

nanoparticles fused and formed a porous structure with a pore size of ca. 20 nm. 

Extending the treatment at 800 °C for another 4 hours formed well defined pore structure, 

with a pore size ranging from ca. 2540 nm. Treatment with a more concentrated KNO3 

solution (0.50 M) resulted in more pronounced fusing of the silica nanoparticles. The 

pore size did not change much. A much thicker wall formed (Figure 1.3D). These results 

support the above hypothesis that pretreatment and thermal treatment conditions yield 

various porous silica nanostructures from RH. The porous silica is semi-crystalline 

according to the XRD. With increasing crystallinity, the silica nanoparticles can be 

converted to desirable shapes, and possess sufficient structural integrity. The inset in 
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Figure 1.3C shows a coin shaped disc as an example. Porous silica frameworks are 

expected to find wider applications and exhibit superior performance compared to 

amorphous porous silica for applications such as filtering, etc.
46

 

 

 

 
Figure 1.3 SEM images of meso/macro porous silica frameworks. (A) 0.20 M KNO3, 800 °C, 2h; 

(B) 0.20 M KNO3, 800 °C, 4h; (C) 0.20 M KNO3, 800 °C, 8h; (D) 0.50 M KNO3, 800 °C, 8 h. 

The inset in (C) shows a coin shaped disc made of the corresponding semi-crystalline porous 

silica framework.46 

 

Sun and coworkers proposed a model to explain the formation of the hierarchical 

structure, their melting progress, and porous framework development of the porous silica 

nanoparticles from RH shown in Figure 1.4.
46

 The primary biogenic silica nanoparticles 

from RH are amorphous and their diameter is ca. 4.2 nm according to the SAXS 
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characterization. Primary particles clusters form self-similar larger secondary particles 

with a diameter of ca. 2530 nm, as characterized by SEM. The secondary particles pack 

to form large clusters. With elevated temperatures in the presence of K
+
 cations, the silica 

particles gradually melt and fuse together to form larger aggregates and eventually form 

porous structures. The amorphous silica is gradually converted to semi-crystalline 

structure. 

 

 

 
Figure 1.4 Hierarchical structure model of silica nanoparticles and the formation mechanism. 

Sample synthesized from RH. 

 

1.3.1.2.5. Pretreatment for the comprehensive utilization of RH 

The organic components in RH have been wasted when preparing RH silica. 

Recent research studied the comprehensive utilization of RH by utilizing the organic 

components when preparing RH silica. Sun and coworkers
12

 developed a method to 

pretreat RH using ionic liquids before synthesizing silica. This achieved the 
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comprehensive utilization of RH by utilizing silica and lignocellulose from RH. In their 

study, the water rinsed and dried RH was treated with ionic liquids to extract 

lignocellulose from the RH. Under optimized conditions, more than 50% of 

lignocellulose in RH can be extracted and isolated. Such extracted lignocellulose is 

expected to have applications in biofuel and the paper industry. The ionic liquid used in 

the pretreatment can be easily recycled. 

Without using ionic liquids to extract organic matter, Wang and his coworkers 

employed acid and alkali treatment of RH for a comprehensive utilization that produce 

high-purity silica and D-xylose or glucose.
67-68

 In their studies, RH was washed 

thoroughly with distilled water and dried at 105 °C overnight and ground to 60 mesh.
67-68

 

The mixture of RH and dilute H2SO4 were hydrothermally treated at temperature ranging 

from 100 to 160 °C for 1 to 7 hours followed by filtration.
67

 After filtration, the residue 

was washed with distilled water and dried at 105 °C overnight followed by calcination at 

700 °C for 15 min under static air to produce superfine silica with a purity of 99.87%. 

The filtrate was neutralized by Ca(OH)2 slurry to pH 3.0, and maintained at 75 °C for 1 

hour followed by filtration to remove CaSO4. The filtrate was treated with active carbon 

at 75 °C for 40 min, resulting in colorless solution. The mixture was filtered again, and 

filtrate was then treated with cation exchange resin (D001-CC) and basic anion exchange 

resin (D296) sequentially to remove metallic ion and organic acid. Following reduced-

pressure distillation, the obtained syrup was dissolved into ethanol at 40 °C and treated 

by activated carbon once more. The filtrate was cooled to produce D-xylose with a purity 

of 98.5%. The optimum hydrolysis of xylan for the D-xylose synthesis was achieved by 
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hydrothermal treatment at 130 °C for 2 hour using 4% H2SO4 with the ratio of RH to acid 

1:4 (g:mL). With this process, the hydrolysis of xylan from RH reached 96.22 wt %.
67

 

Wang and his coworkers used concentrate H2SO4 to treat the pretreated RH to 

produce glucose, amorphous RH silica, and crystalline Na2SO410H2O.
68

 The raw RH 

was boiled in dilute H2SO4 (28 wt %) followed by washing and drying. The acid 

leached RH was mixed with concentrate H2SO4 solution (67, 72, 77 and 82 %). The 

hydrolysis temperature was at 30, 40, 50 or 60 °C, while the hydrolysis time was 2, 5, 10 

or 15 min. After hydrolysis, the mixture was filtered. The solid residue was calcined at 

800 °C for 3 hours after washing and drying to produce amorphous silica nanoparticles 

with a size under 50 nm. The acid liquid filtrate was cooled down to produce glucose. 

The glucose yield reached 45.6 % when hydrolyzed at 50 °C for 5 min with 72% H2SO4 

solution.
68

 The above works represent good examples of comprehensive utilization of 

RH.
67-68

 

1.3.1.3. Silica from post-treatment of RHA 

The post-treatment of RHA was extensively studied for producing relatively high-

purity RH silica. It is typically applied to the RHA from the combustion of RH. RHA 

typically contains impurities due to incomplete combustion of RH, or the encapsulation 

of impurities within melted silica. Post-treatment can improve the quality of RHA, but 

the quality of the final silica product is usually much lower than silica obtained from 

controlled calcination of pre-treated RH. 

1.3.1.3.1. Acid post-treatment of RHA 

Acid-leaching performed after calcination of RH is an effective method to remove 

the metal impurities and produce high-purity silica. Real et al. used RHA which was 
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obtained from calcination of RH at 600 °C to produce amorphous RH silica by leaching 

with HCl solution.
52

 The product exhibited similar purity (about 99.5%) with that 

synthesized from calcination of HCl treated RH. However the specific surface area of the 

silica by acid post-treatment method was poor (1 m
2
/g), much lower than that of silica 

produced by acid pre-treatment method (around 260 m
2
/g).

52
 

According to the study by Yalçin et al.,
47

 RH was subjected to pre- or post-

treatment by boiling in 3% (v/v) HCl solution for 2 hours. Both samples were calcined at 

600 °C for 3 hour under flowing argon and 1 hour under flowing oxygen. The purity of 

silica obtained by post-treatment of RHA method was 95.14%. This is higher than silica 

from RH without treatment (91.50%) and lower than that of silica obtained by pre-

treatment (99.16%). The silica had the highest purity (99.66 %) if 3% (v/v) HCl was used 

for treatment before and after calcination of RH.
47

 Acid post-treatment can remove most 

of the metal impurities and was used in some areas. But the low special surface area 

limited its application.
69-71

 

1.3.1.3.2. Base post-treatment of RHA 

The unique solubility behavior of SiO2 in base, very low solubility when pH<10 

and increased solubility when pH>10, has been employed to extract SiO2 from RHA by 

the alkaline dissolution followed by acid precipitation. A series of high-purity silica 

xerogels from RHA were successfully synthesized by Kalapathy et al. The effect of the 

type of acid used, and the pH value of gelation and pre-acid washing of RHA on the 

purity and properties of the obtained SiO2 gel were discussed.
72-73

 In general procedure, 

RHA obtained from raw RH was boiled in 1 M NaOH solution for 1 hour and then 

filtered to produce sodium silicate solution. Acid (HCl, citric acid or, oxalic acid) was 
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added to the sodium solution to adjust the pH value. The mixture was then incubated for 

certain time to obtain silica gel, which was later crushed, washed with DI water, and 

centrifuged to remove soluble salts. After drying at 80 °C for 24 hours, the amorphous 

silica xerogel was finally obtained. The contents of the impurities in the obtained silica 

xerogels varied as a function of the pH and the type of acid used. The silica sample 

produced at pH 4.0 had lower carbon content than the one produced at pH 7.0. The 

carbon content of silica produced by citric or oxalic acid is higher than that by HCl at pH 

7.0.
72

 The pH of gelation and silica concentration of gel-forming solution had significant 

effects on the density and the mechanical strength of the xerogels.
74

 High pH led to 

condensed glassy solids, while high silica concentration produced highly porous silica 

xerogel. To reduce the metal impurities of xerogels, RHA was washed prior to alkali 

dissolution.
73

 RHA was dispersed in distilled water. The pH was adjusted to 1, 3, 5, or 7 

with HCl acid. After stirring for 2 h, filtering, and washing, the obtained RHA residues 

were then used to produce silica xerogel. The silica gels formed after dissolution in 1 M 

NaOH followed by acidification (to pH 7) using HCl. The silica gels were washed twice 

using DI water and dried at 80 °C for 12 hours to produce xerogels. The results showed 

that acid washing prior to extraction resulted in amorphous silica xerogel with a low 

concentration of Ca (< 200 ppm), while the final washing of the xerogel led to low Na, 

and K contents (total contents < 0.1%).
73

 

H2SO4
75-77

 and HNO3
78

 were also used to adjust the pH value of sodium silicate 

solution from RHA to produce silica gels. Wang and coworkers boiled the RHA from the 

calcination of RH at 600 °C for 4 hours in NaOH solution to produce sodium silicate 

solution, which was subsequently neutralized by H2SO4 to form a silica hydrogel. Then 
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silica aerogel was produced by supercritical carbon dioxide (CO2) drying
75

 or by drying 

in the atmosphere after adding the appropriate amount of tetraethyl orthosilicate (TEOS) 

and washing successively by water and ethanol.
76

 The synthesized aerogels exhibited 

high surface area (597.7 and 500 m
2
/g respectively). 

Besides NaOH solution, Na2CO3 was also used to dissolve RHA because it can be 

recycled by Jang group.
79

 To obtain high-purity silica, the RHA from a power plant was 

boiled in 1 M HCl solution for 2 hours. Following distilled water washing and drying at 

120 °C for 12 hours, the acid-rinsed RHA was then mixed with Na2CO3 solution and 

boiled for 4 hours. After filtering, the filtrate was kept at 85 °C, into which a purified 

waste gas (from the same power plant, contains about 20–40% CO2) was introduced for 

60 min. The resulting slurry was aged at room temperature for 3 hours and filtered. The 

high-purity amorphous silica powder was finally obtained after distilled water washing 

and drying at 120 °C for 24 hours. Different from NaOH solution extraction, Na2CO3 

solution can be reused by adding a small quantity of Na2CO3 to its initial solution. This 

environmental-friendly and low cost procedure is suitable for large-scale production.
79

 

The NH4F was used to synthesis 50-60 nm silica powder by the same group.
80

 In a 

general process, RHA from a power plant was first boiled with HCl solution. The acid-

rinsed RHA was added into the NH4F solution to yield (NH4)2SiF6 and was then filtered. 

The NH3 produced during the reaction was collected by DI water to form NH3·H2O. The 

filtrate was added to NH3·H2O to yield silica precipitate and NH4F solution. The high-

purity amorphous silica products were produced after washing and drying the precipitate. 

The NH4F filtrate was collected and reactivated as the reactant. Although the main 
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reagent, NH4F, can be recycled, the corrosive nature of NH4F will be a negative factor 

during the production. 

1.3.1.4. Silica from hydrothermal and steam-explosion method 

Mochidzuki et al. developed a hot water autoclave method and a steam explosion 

method to prepare high-purity amorphous silica.
81

 RH (13 g) was washed, dried and 

added into a reactor with 30 mL of DI water, which was heated in a salt bath at 180, 200, 

220, and 240 °C for 18 mins (8 min for a warm-up period and 10 min for constant-

temperature reaction) respectively. The mixture was then separated by filtration and the 

insoluble residue was washed with acetone and dried to produce RH silica. The 

difference between the so made RH silica and conventional RHA is the former contained 

fewer metallic impurities. This product consisted of Q4 (*Si(OSi)4), Q2 ((OH)2*Si(OSi)2), 

and Q3 ((OH)*Si(OSi)3) units which remained the silica structure in the original rice 

husk. This is very interesting since the amorphous silica having Q2 and Q3 units is 

assumed to be more active in aqueous-phase reactions. This hot-water-treatment method 

to prepare silica is applicable to the preparation of water-glass like materials that are 

required in some liquid-phase syntheses of inorganic materials, e.g., an advanced 

production system of mesoporous silicate.
81

 

1.3.1.5. Bio-method for making silica from RH 

Inspired by the fact that the biocycling of silica occurs through microbial 

activities in soil and living organism activities below marine surfaces, many scientists 

have mimiced natural biological processes for the preparation of silica from RH.
82-84

 This 

method is more cost-effective and more environmental-friendly than the common 

chemical method. 
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Bansal et al. prepared crystalline silica nanoparticles via biotransformation of 

amorphous silica in RH through a bio-method.
82

 The plant pathogenic fungus, Fusarium 

oxysporum, was cultured and used as the fungus. After washing thoroughly under sterile 

conditions, 20 g wet weight fungal biomass was re-suspended in 100 mL sterile distilled 

water containing 10 g RH. The above mixture was shaken at 27 °C for 24 hours, and then 

filtered to separate the fungal mycelia and RH from the aqueous component. The filtrate 

was treated with phenol/chloroform (1:1) mixed solvent and was centrifuged to remove 

the free extracellular fungal proteins from the aqueous solution. The evaporation of the 

supernatant under low pressure yielded crystalline silica that was capped by stabilizing 

proteins in the form of 26 nm quasi-spherical particles. X-ray photoemission 

spectroscopy (XPS) analysis showed that the reaction of fungus with RH leached out 

96% of silica within 24 hours. The stabilizing proteins could be removed by calcination 

of the capped silica nanoparticles at 400 °C for 2 hours to produce crystalline porous 

silica often with cubic morphology. To understand its effect on RH, Fusarium oxysporum 

was also used to react with the commercial amorphous silica. The results showed that the 

fungus was capable of transforming commercially amorphous silica into crystalline silica. 

Thus, it was concluded that the amorphous silica in RH was leached out by the specific 

biomolecules/proteins released by the fungus and then biotransformed into crystalline 

silica particles. By comparative experiments, cationic extracellular proteins could just 

bioleach RH into amorphous silica instead of crystalline silica win in vitro conditions. In 

conclusion, the proteins alone did not lead to biotransformation of amorphous silica into 

nanocrystallite silica. The biotransformation process using microorganisms indicates that 

large-scale synthesis of silica at the room-temperature is possible. 
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Different from above study, amorphous silica (in the presence of small quartz 

crystallites) was synthesized from RH by using Californian-red worms.
83

 This process 

involved the complete conversion of the annelids’ diet from organic material to RH by 

gradually feeding them with RH for 5 months. During digestion, the muscles of the 

intestinal wall break down the RH while the endocrine, faring and calciferous glands 

provide enzymes (amylases, proteases), which degrade the organic material. Silica 

resisted enzyme attacks during the degradation process and was finely ground by the 

earthworms’ digestive system. The resultant specimens’ humus was collected, neutralized 

using CaCO3 and dried at room temperature. The sample was then pyrolyzed (to 

eliminate organic components) at different temperatures (500, 600, and 700 °C), followed 

by acid digestion of HNO3 and HCl (3:1) at 40 °C for 4 hours to eliminate metallic 

impurities. The sample was then filtered, washed with distilled water, and dried. The 

diameter of the silica nanoparticles was in the range of 55 to 250 nm depending on 

pyrolysis temperatures. At 700 °C, the average particle diameter was 246 nm and at 500 

°C the average particle was 55. The silica content was 88% with respect to calcined 

humus, which is much higher than that of coffee (12%) and cane husk (8%). 

Another study with a different annelid source was also carried out with Eisenia 

foetida.
84

 The reproduction and stabilization time of Eisenia foetida was about 1 month 

under aeration and dark conditions with moisture of 6085% at 20 °C. After drying and 

sieving (0.5 mm), the obtained humus was calcinated at 500, 600, and 700 °C for 19 

hours respectively to remove the organic matter. The heat treated samples were then 

soaked with the mixture solution of HNO3 and HCl (volume ratio 3:1) at 40 °C for 4 

hours to eliminate impurities. The resultant silica was recovered after washing and drying. 



24 

 

Silica was also prepared from RH without the vermicompost bioprocess by using the 

same calcination and acid treatment. The vermicompost bioprocess produced silica 

nanoparticles that have a size of around 81 nm. This is smaller than the silica produced 

without biotransformation (around 233 nm). It was inferred that the size reduction 

occurred in earthworm gut with the contribution from several microorganisms. 

1.3.2. Applications of silica derived from RH 

The application of RHA as fillers in rubber, plastics, and cement has been 

continuously explored
85-87

 The recent applications of RHA as fillers are not reported. 

Readers interested in this topic are referred to an earlier review article.
13

 

High-quality amorphous silica nanoparticles from RH exhibit similar performance 

benefits when compared to commercial fumed silica nanoparticles. Fumed silica has 

widespread applications owing to its high surface area and the ability to select its surface 

chemistry via functionalization. Applications of RH silica nanoparticles to replace fumed 

silica have been developed in the past decade, particularly in adsorption and catalysis 

areas. 

1.3.2.1. Adsorption material 

Due to its residual metal content and porous structure, RH silica has been used to 

adsorb free fatty acid in soy and palm oil. Some or all of these metal centers participate in 

the adsorption of the fatty acid.
88-89

 Based on this, RH silica modified by Al
3+

 ion was 

synthesized from RHA using the sol-gel technique.
31

 Water-treated RH were calcined at 

800 °C for 5 hours to produce RH silica which was leached by HNO3 solution for 24 

hours to removes the metal impurities. The high-purity RH silica was dissolved in 6.0 M 

NaOH solution. After filtering, the filtrate was titrated with 3.0 M HNO3 containing 10 % 
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(w/w) Al
3+

 until the pH value was 5 and aged for 6 days to form a gel. RHA-Al was 

produced after filtering and drying the solid residue at 110 °C for 24 hours. The RHA-Al 

was a very good adsorbent for palmytic acid because of electrostatic interaction between 

the Al
3+

 in the silica matrix with the oxygen atoms of carbonyl group in the fatty acid.
31

  

RH silica has been chosen as an adsorbent in water treatment processes because 

of its granular structure, water insolubility, chemical stability, high mechanical strength, 

and its large availability. In order to enhance the adsorption capacities for heavy metals, 

RHA with 87.5% silica content prepared by directly calcination of RH at 650 °C for 2 

hours was used to synthesize poly inorganic silica with Fe and Al ions, which are more 

favorable in removal of heavy metals from waste water.
28

 In this process, sodium silicate 

produced by refluxing RHA in NaOH solution for 1 hour was diluted with distilled water 

to form 1.25 M silicate solution followed by the addition of 0.25 M HCl solution to pH≈2. 

The above solution was mixed with a blend of AlCl3 and FeCl3 and neutralized by 

NaCO3. The maximum adsorption capacity of the yield copolymer for Pb, Fe, Mn and As 

ions are found to be 416, 222, 158, 146 mg/g respectively. 

Surface modification is another effective method to improve the adsorption 

performance of silica. Mesoporous silica produced from RHA by alkaline extraction was 

modified with silane using 1,2-dichloroethane as a spacer.
90

 The modified silica 

contained the cylindrical pores that open at both ends, which allow free diffusion of Cd
2+

 

ions to the adsorption sites on the silica surface. The silane-modified silica showed 

specific adsorption for Cd
2+

 of 44.52 mg/g at a Cd
2+

 concentration of 100 mg/L. Cd
2+

 

adsorption was increased 100-fold compared to the non-surface modified silica.
90

 Cu
2+

 

selective ligand, pyridine-2-carboxaldehyde was used to modify the amorphous silica gel 
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obtained from RHA by NaOH extraction. The modified silica selectively absorbs Cu
2+

. 

Its mechanical stability was not as good as that of the commercial product. Its selectivity 

for Cu over Fe was not as high as the commercial product. But this work defined the 

problems associated with using RHA as a starting point for composite materials in 

general. 

1.3.2.2. Silica-supported catalysts 

Many heterogeneous catalyst systems are supported by mesoporous materials 

such as silica.
91-92

 Silica-supported catalysts are being developed at a tremendous pace 

because of their high catalytic behavior derived from the high surface area. Many 

examples have been reported on the preparation and synergies of catalysts supported by 

silica obtained from RH. 

1.3.2.2.1. Silica-supported metal catalysts 

Chang et al.
4, 44-45

 use RHA as a support for nickel catalysts by an incipient-wet 

method. RHA was impregnated in Al(NO3)3 solution for 24 hours followed by drying at 

110 °C in an oven. The dried samples were calcined in air at 350 °C for 5 hours or at 

850 °C for 2 hours to produce the substrate material (RHA-Al2O3), respectively. The 

RHA-Al2O3 obtained at 350 °C was impregnated in Ni(NO3)2 solution for 24 hours and 

dried at 110 °C in an oven.
44-45

 Following calcination at 500 °C for 4 hours, the samples 

were activated by using a reducing atmosphere of H2/Ar (5/95) stream at 800 °C for 3 

hours. On the other hand, RHA-Al2O3 synthesized at 850 °C was ion exchanged to 

produce the catalyst.
4
 In this process, concentrated ammonia was mixed with the 

Ni(NO3)2 solution prior to the addition of RHA-Al2O3 support. The mixture was kept at 

25 °C for 24 hours with stirring. The exchange of Ni
2+

 with hydroxyls on the surface of 
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the support is enhanced at pH=8.5 with dilute ammonia. The RHA-Al2O3 supported 

catalyst was produced by washing, drying, and calcining of the above ion exchanged 

product.
4
 It was found that RHA-supported Ni catalyst exhibited high Ni surface area, 

easy dispersion and high selectivity when used for the hydrogenation of CO2.
4, 44-45

 The 

hydrogenation reactivity was almost independent of calcination and reduction 

temperatures for the catalysts produced using RHA-Al2O3 with calcination at 350 °C.
44-45

 

The conversion of CO2 and the yield of CH4 were strongly dependent on the calcination 

and reduction temperatures for the catalysts obtained by ion exchange method. 

Adam et al.
55, 58-61, 69, 93

 prepared metal loaded catalysts from RHA. Silica 

supported iron catalyst was synthesized from RHA via the sol–gel technique.
69

 The RHA 

produced by pyrolysis of the water rinsed RH at 700 °C for 5 hours was treated with 1.0 

M HNO3 for 24 hours. The obtained RHA was dissolved in 6.0 M NaOH to form a 

sodium silicate solution. 3.0 M HNO3 containing 10 wt % Fe
3+

 was added dropwise to 

the solution until the pH reached 5. The gel was aged for 4 days followed by filtering, 

washing, and drying to produce the RHA-Fe catalyst. The RHA-Fe catalyst showed high 

activity in the reaction between toluene and benzyl chloride. It was reusable without loss 

of activity and with no leaching of the metal.
69

 Similarly, In, Al, Ga, Cr, and V were 

successfully incorporated with RHA as the substrate.
55, 59, 61, 93

 The catalytic activity of 

Al, Ga and Fe catalysts supported by silica were tested in the benzylation reaction.
93

 It 

was found that RHA-Fe demonstrated the highest catalytic activity, while RHA-Ga gave 

the highest selectivity.
93

 However, RHA-Al was found to be inactive under the reaction 

conditions studied. These catalysts could be recycled and reused several times without 

significant loss in activity and selectivity.
93
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Bimetallic modified RH silica catalysts have attracted much attention since two or 

two more active metals can improve performance in a reaction system.
60

 High surface 

area Cu and Ce incorporated RH silica catalysts were prepared by a template assisted sol–

gel precipitation method.
60

 RH silica was produced by calcination of HNO3 pre-treated 

RH at 600 °C for 6 hours. The obtained silica was dissolve in NaOH solution to form 

sodium silicate solution followed by addition of cetrimonium bromide (CTAB) as the 

structure directing agent. 3 M HNO3 containing Cu
2+

 and Ce
3+

 salts was used to titrate the 

above solution until the pH value reached 3. The gel was aged for 24 hours. After 

filtering, washing, and drying, the sample was calcined at 500 °C in air to produce the 

xerogel which was ground to a powder to get the silica supported catalyst. Study showed 

the catalysts have good catalytic performance with high selectivity in the reaction of 

converting benzene to phenol due to the synergy between the Cu
2+

 and Ce
3+

.
60

 

1.3.2.2.2. Silica-supported organic molecule catalysts 

Modification of silica with organic molecules can generate silica supported 

catalyst. For example, 7-amino-1-naphthalene sulfonic acid was immobilized onto RH 

silica and followed by HNO3 treatment for 24 hours to form strong Brønsted acid sites.
71

 

The catalyst showed good catalytic activity towards esterification of n-butyl alcohol with 

different mono- and di-acids with 88% conversion and 100% selectivity towards the 

ester.
71

 

1.3.2.2.3. Silica-supported TiO2 and V2O5 photocatalysts 

TiO2 is a well-known photocatalyst for photocatalytic degradation. The absorption 

of UV-Vis energy by TiO2 excites electrons to a conduction band with positive holes in 

valence band that generates hydroxyl radicals, which oxidize organic compounds. The 
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photoactivity of TiO2 is decreased by electron-hole recombination and particle 

aggregation. This can be overcome by dispersing TiO2 on materials with high surface 

area. Artkla et al
94-95

 synthesized a hybrid photocatalyst that consisted of TiO2 

nanoparticles dispersed on mesoporous RH silica. The results showed that the 

morphology and band gap of TiO2 were not affected by the support. The support 

prevented the TiO2 nanoparticles from agglomerating. The activity of the hybrid 

photocatalyst for the photocatalytic degradation of tetramethylammonium in aqueous 

slurry was significantly higher than that of the unsupported TiO2.
95

 

V2O5 is an important industrial catalyst for partial oxidation of organic 

compounds. Selective oxidation with rupture of C-C bonds is normally supported on 

different carriers depending on the type of the reaction to be catalyzed. Bulk V2O5 cannot 

be directly used as a catalyst. Sugunan and coworkers prepared RHA-CeO2 supported 

V2O5 catalysts. The catalytic activity was evaluated in liquid-phase oxidation of benzene. 

Selective formation of phenol was observed. This is attributed to the presence of highly 

dispersed active sites of V over the support.
37

 

1.3.2.3. Preparing porous silica 

For the last decades, many efforts have been made to prepare porous silica with 

high surface area starting from RH. Jang research group and Chareonpanich research 

group synthesized SBA-15 mesoporous silica using RHA derived from non-treated RH.
79, 

96
 RHA was first converted to sodium silicate solution and then mixed with a template 

agent (usually a surfactant). After pH adjustment, aging, filtering, washing, and drying, 

the solid was calcined at 500°C for 6 hours in air to produce SBA-15. It was found that 

the ultrasonic mixing gives highly ordered hexagonal pore-arrangement and a narrow 
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pore size distribution with a much shorter hydrolysis–condensation period. The highest 

SBA-15 surface area was 860 m
2/

g when the ultrasonication time was 6 hours.
96

 

MCM-41 was prepared and studied by researchers using RH silica.
62

 Grisdanurak 

et al. used HBr solution to post treat RHA to get high-purity silica. The posted treated 

RHA was converted to sodium silicate solution with base. By using cetrimonium bromide 

(CTAB) as template agent, the authors produced MCM-41 with a surface area 

approximately 750-1100 m
2
/g. The pore distribution had an average diameter of about 

2.95 nm. The authors also tried to surface modify the MCM-41 with 

trimethylchlorosilane (TMCS) and phenyldimethylchlorosilane (PDMS). To reduce the 

MCM-41 surface polarity. The results showed that the surface hydrophobicity of MCM-

41 obtained from RH could be enhanced by the silylation with silane.
97

 

Zhu and coworkers successfully shortened the porous silica preparation time 

(within 10 hours) without compromising the specific surface area.
98-99

 In their synthesis, 

the aging step was skipped and the microwave oven was used for drying to save time. 

During synthesis, by using a much lower pH, the amount of PEG incorporated into the 

silica-PEG composites increased. This resulted in higher surface area porous silica (792 

m
2
/g at pH 5.7 and 1018 m

2
/g at pH 3.2).

99
 

1.4. Silicon carbide (SiC) derived from RH 

Silicon carbide (SiC) is widely used in various industry due to its excellent 

mechanical, electronic and chemical properties.
13

 Currently SiC is industrially 

manufactured by the Acheson process. This involves reduction of silica sand by coke or 

anthracite coal in a resistance furnace.
11

 SiC from agricultural byproducts such as RH, 

rice straw, corn stalk, sugarcane residue etc. have attracted much attention as an 
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alternative method for the production of SiC. These agricultural byproducts contain both 

carbon and silicon components which satisfy the stoichiometry for synthesizing SiC. 

Silicon carbide has been successfully synthesized from RH at a temperature range of 

12001900 °C.
11, 100-102

 

1.4.1. Pyrolysis method to make SiC from RH 

1.4.1.1. SiC from pyrolysis of non-treated RH 

In this method, RH are coked first at temperatures range of 350900 °C to form 

black ash. The ash was fired at higher temperatures of 12001650 °C in vacuum or 

certain atmosphere (Ar, N2, or H2) to form SiC.
11

 The coking step of RH is to regulate the 

ratio of silica and carbon by removing some of the carbohydrate. Li and coworkers 

prepared β-SiC whiskers from a one stage direct pyrolysis of RH.
101

 RH in an airtight 

graphite crucible was put in an electronic furnace with an argon atmosphere. The 

temperature was increased to 1000 °C at 15 °C /min and then to a higher temperature of 

1500 or 1600 °C at 10 °C/min. The sample was hold for 2 hours at 1500 or 1600 °C and 

cooled down with ambient conditions. The product was purified by calcination in air for 

3 hours to remove residual carbon followed by dilute HF leaching to remove 

impurities.
101

 The resultant SiC contained 100200 nm β-SiC particles and 170 nm in 

diameter whiskers that was several to tens of micrometers in length. The nanostructured 

β-SiC, especially the β-SiC whiskers, showed excellent blue light emission properties. 

Zhu and coworkers used pure silicon to synthesize SiCw reinforced SiC 

composites from RH by direct pyrolysis.
103

 The RH was first coked at 900 °C in argon 

for 2 hours, and then was pyrolyzed at 1550 °C for 6 hours under argon. After the 

formation of SiCw/SiC, pure silicon was added and a second pyrolysis was conducted at 
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1450 °C, 1550 °C, and 1600 °C. The purpose of adding silicon was to react with the 

unreacted amorphous carbon during the pyrolysis and to form new SiC. The mechanical 

properties, specifically the Vickers hardness, flexure strength, elastic modulus, and 

fracture toughness of the SiC was greatly enhanced. This was attributed to the reaction of 

the added silicon with carbon. The authors showed that too high and too low temperature 

of the second pyrolysis would lead to high amounts of unreacted carbon, and lower the 

mechanical properties of the composites. The temperature of 1550 °C in second pyrolysis 

was the optimum temperature for the SiCw/SiC composite to have good mechanical 

properties.
103

 The authors were able to make very hard and tough ceramic composites. 

The Vickers hardness and fracture toughness of the SiC composite are about 18.8 GPa 

and 3.5 MPam
1/2

 respectively. 

Wu and coworkers prepared multi-carbides based on SiC derived from RH by 

adding Si, B4C and Mo during direct pyrolysis.
104

 The purpose of adding Si and B4C is to 

react with unreacted carbon. The B4C will help to form new carbides. The added Mo will 

react with Si to form MoSi2 which improves the overall properties of the composites. 

MoSi2 is less brittle when compared to Si and it has a high melting temperature of 2030 

°C. This improves the high temperature properties of the composite. The Vickers 

hardness and fracture toughness are about 16.8 GPa and 3.9 MPam
1/2

. 

1.4.1.2. SiC from pyrolysis of pretreated RH 

Pretreatment in this section mainly refers to chemical treatments of RH before 

pyrolysis, such as acid or base treatment. HCl is most commonly used for acid treatment. 

To prepare SiC, RH was pyrolyzed directly after pretreatment in argon at temperatures 

between 1050 and 1600 °C.
105

 SiC whiskers formation decreased after acid treatment. 
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Raman et al. used boric acid to treat RH and PAN fibers. The mixture was dried and then 

heated in a tube furnace in argon at 1450 °C for 4 h.
106

 It was found that the yielded SiC 

whiskers have a better aspect ratio. 

Strong alkalis such as NaOH have been used to treat RH before preparing SiC. 

The purpose of the NaOH treatment is to tune the C/SiO2 ratio to facilitate the SiC 

formation. The concentration of the alkali plays an important role in determining the 

amount of SiO2 released from RH. Mizuki and coworker
107

 reported that SiO2 content 

increased from 23 wt % in raw RH to 29.0 wt % after treated with 0.25 wt % of NaOH 

solution and 29.5 wt % after treated with 0.5 wt % NaOH. When 1.0 wt % NaOH was 

used, the SiO2 content decreased. Syed et al. found that an increase in NaOH 

concentration from 0.1 to 0.5 N will result in SiO2 content increase
108

 It was concluded 

that lower concentration of NaOH solution in treating RH was more favorable for SiC 

formation. 

1.4.1.3. Pyrolysis with catalyst 

Catalyst is commonly used in making SiC from RH. Usually catalyst is added to 

RH in the form of powder or solution before pyrolysis. No special treatment is needed. 

Several types of catalysts, including Fe, Co, Ni, Pd, Cr, S3N4, and sodium silicate have 

been studied. It was shown that catalysts decreased the crystallization of carbon and silica 

in RH and accelerated the formation of SiC. With catalyst, the reaction temperature 

decreased dramatically when preparing SiC from RH. 

Martinez and coworkers studied β-SiC synthesis from pyrolysis of RH with 

catalyst.
102

 The authors compared two different catalysts CoCl2∙6H2O and FeCl2∙4H2O, 

and found FeCl2∙4H2O give a better result in terms of β-SiC yield. Hashishin and workers 
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found that Fe2O3 was very effective in growth promotion of whiskers.
109

 More 

specifically, Fe2O3 was found to contribute to the length and the yield of the SiC 

whiskers. The authors found that the Al2O3 slightly affected the improvement in the yield 

of SiC whiskers. 

Janghorban and coworkers studied the concentration effect of catalyst in making 

SiC from RH.
110

 Normally an increase in the catalyst concentration would promote the 

growth of SiC, leading to larger grain size and higher yield of SiC. The authors noticed 

that this effect only extends to certain concentration limits. They impregnated RH with 

Na2SiO3 as a catalyst and found that lower concentrations of catalyst were more effective. 

At lower concentrations, the silicates were dispersed uniformly over the RH and acted as 

nucleation sites for SiC whisker growth. From higher concentrations, a thick layer of 

silicate inhibited the SiO gas reaching C in the husk and reduced the reaction rate.
110

 

Researchers have found that alkali metal oxides can also be used to accelerate the 

formation of SiC. Alkali metal oxides can lower the melting point of silica. This can 

accelerate the reaction between silica and carbon.
111

 Si3N4 can be used as a catalyst to 

increase the yield of SiC whiskers and reduce the amounts of SiC particles and carbon.
112

 

Krishnarao and coworkers found that when RH ash was heated with 50–60 wt% of Si3N4 

at 1400 °C, SiC whiskers were produced without any free carbon and with only small 

amount of unreacted silica. Nitrogen can be considered as the inert gas in the reaction to 

produce some Si3N4, which can catalyze the production of SiC whiskers.
113

 

Control of the temperature is very important when catalyst is present. Krishnarao 

and coworkers found that when using cobalt as catalyst, rapid heating increased the 
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formation of SiC whiskers,
114

 while slow heating (5 °C/min) stabilized the silica and 

carbon. This increases their degree of crystallization.
115

 

1.4.2. Microwave radiation method 

Microwave radiation has the advantage of very high rate of temperature increase. 

Increasing the rate of temperature change is important in SiC synthesis.
11

 Slower heating 

rate result in carbon black and SiO2 crystallization that decreases the reactivity.
116

 Rapid 

heating can increase the SiC reaction rate and production rate because the lower degree of 

crystallization favors the reaction. Moreover, the heating efficiency of conventional 

pyrolysis to prepare SiC usually is low due to the thermal radiation or thermal conduction. 

Microwave can heat materials from inside out. Microwave heating has been used to 

prepare SiC powders.
117-118

 Qadri and coworkers used microwave technology to heat RH 

in a boron-nitride crucible up to 1900 °C for 5min in vacuum. Raw RH was directly 

converted into a collection of β-SiC nanostructures. Microwave radiation is simple, ultra-

fast, inexpensive, and has minimal affection to the environment.
119

 

1.4.3. Plasma method 

In a plasma reactor, the reaction time can be reduced greatly by increasing the 

temperature.
100, 120-121

 The very high temperatures (~10
4
 °C), steep temperature gradients 

(~10
6
 °C/min), and high quench rates (~10

6
 °C/s) associated with thermal plasmas can be 

a unique route for the preparation of ultrafine SiC from RH. In contrast to other methods, 

it is very easy to realize continuous production and to control reaction parameters in a 

plasma process. Singh and coworkers developed a single step reaction to prepare SiC 

directly from raw RH in a pot type extended arc plasma reactor using graphite electrodes. 

Formation of SiC is observed in 5 min.
100

 Oxidation and acid treatment after plasma 
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reaction (with H2SO4, HCl, or HF) effectively removes the excess carbon, silica, and 

mineral oxides. Successive washings can remove chloride and fluoride ions.
120-121

 

1.4.4. Chemical vapor deposition method 

Chemical vapor deposition (CVD) has been widely used in the preparation of high 

grade SiC.
13

 Various morphologies of SiC (powders, whiskers, fibers, and films) have 

been prepared by the CVD method. Only a few publications can be found on preparing 

SiC by CVD from RH. Sharma and coworkers compared SiC whiskers from RH with 

those obtained by CVD with SiO and CO as the primary reactants,
122

 and found that they 

were very similar. Motojima and coworkers prepared microcoiled SiC fibers by CVD 

using powder mixtures of SiO and coked RH that were very quickly heated to the 

reaction temperature.
123

 The authors showed that preparation of high grade SiC from RH 

using CVD should be possible. Han and coworkers characterized the products deposited 

on graphite substrates prepared by CVD directly from carbonizing RH. They showed that 

a thin SiC film was formed right beside the carbonized RH zone. SiC whiskers 

aggregates were found next to the SiC film zone. The CVD process to prepare SiC from 

RH can be simple. It usually is regarded as a complicated technique. Considering the 

products’ superior properties, it is economical to use the CVD method to make SiC from 

RH. 

1.4.5. Applications of SiC from RH 

1.4.5.1. Ceramic and metal composites 

SiC has been intensively studied as fiber reinforcement since the 1970s. One 

reason is the successful preparation of relatively inexpensive high-grade SiC whiskers 

from RH.
124

 Another reason is SiC has a relatively high thermal conductivity and low 
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coefficient of thermal expansion, giving it superior thermal shock resistance. The strength 

and hardness of ceramics and alloys can be greatly enhanced by the reinforcement of SiC. 

Generally, the SiC whiskers are better than SiC particles in terms of reinforcing and 

toughening effects. A high content of whiskers is preferred in the production of SiC from 

RH. 

Zhu and coworkers used in-situ SiC whiskers from RH to reinforce ceramic 

matrix composites.
103

 Characterization of the composites’ mechanical properties showed 

that the Vickers hardness, flexure strength, elastic modulus, and fracture toughness of the 

biomorphic SiC ceramic composites were greatly enhanced. Agglomeration must be 

avoid when incorporating the whiskers into the ceramics. Agglomeration may result in 

structural defects and lower reinforcement efficiency. 

1.4.5.2. Polymer composites 

The research on silicon-carbide-reinforced polymer matrix composites is limited. 

Carbon fibers are commonly used in resin composites which are quite expensive. The SiC 

whiskers from RH could be much cheaper and be a suitable substitute. An advantage of 

using SiC whiskers for reinforcement is the low purity requirement of the SiC whiskers. 

The main impurities in SiC whiskers from RH are residue carbon, silica, and SiC 

particles. These have little negative effect on resin composites’ mechanical properties. 

Satapathy and coworkers used SiC derived from RH to reinforce jute-epoxy 

composites.
125

 The incorporation of the SiC modifies the tensile, flexural, and inter-

laminar shear strength of the jute–epoxy composites. The micro-hardness and density of 

the composites are greatly influenced by fillers content. SiC used in Satapathy’s research 

was produced from RH by plasma processing.
100
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1.4.5.3. Semiconductor and abrasive materials 

Due to its wide energy band gap, high electron saturated drift velocity, high 

thermal conductivity, physical and chemical inertness, SiC have been an important 

semiconductor for applications in high-temperature electronics, ultraviolet sensors, and 

high-speed devices.
13

 The SiC from RH has been used as semiconductor materials.
126-127

 

Special purification must be carried out in the manufacturing process of making SiC from 

RH because of the requirements of SiC purity for semiconductor application. For 

abrasive material application, the requirement on purity is not so high. The purity of SiC 

from RH is good enough to match the requirement. The SiC can be directly used as 

abrasive material or hot-pressed with composites.
128

 

1.4.6. Summary 

The technology of deriving SiC from RH has been commercialized.
13

 Further 

studies on the following three aspects are necessary. One is the SiC purity issues. In 

nature, RH contain inorganic minerals such as K2O, Fe2O3, CaO etc. Those minerals are 

impurities in SiC after pyrolysis. Excess carbon can be another source of impurities. 

These impurities have little effect on low-grade SiC applications. For the high-grade SiC 

applications the impurities become a problem. Since high-grade SiC is needed in many 

fields, better separation (purification) techniques and facilities are important in SiC 

preparation from RH.
129

 The second issue is control of the SiC whisker content. The 

value of SiC whiskers is higher than that of SiC particles. Improvements in the 

technology that increase the whisker content are desired.
129

 The last one is defect control. 

Usually, SiC whiskers produced from RH contain a high degree of defects.
130-131

 There 

are three kinds of defects in SiC whiskers which have been reviewed by Sun et al.
13

 Such 
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defects greatly affect SiC’s electric properties and thermal conductivity. The defects can 

be decreased by choosing the proper catalyst and regulating reaction parameters. 

1.5. Zeolite 

Zeolites are crystalline microporous aluminosilicates, which have been widely used 

as ion exchangers, molecular sieves, drying agents, and catalysts because of their well-

defined crystalline structure, high internal surface area, uniform pore size, and high 

thermal stability.
101, 132-134

 The majority of zeolites are synthesized using the silica from 

silica gel or fumed silica.
135-136

 The first study on the synthesis of zeolite using RH silica 

was reported in 1981.
137

 

1.5.1. Preparation of zeolites from RH 

1.5.1.1. Zeolite ZSM-5 

ZSM-5 zeolite was prepared from the tetrapropylammonium (TPA) system for the 

first time using the silica from RHA.
138

 Significant progress has been made in the ZSM-5 

zeolite synthesis during recent years. 

In the synthesis of ZSM-5 zeolite, structure directing agents are commonly used 

as a template. TPA is a favored organic template. Based on the method developed by 

Rawtani et al.,
138

 various procedures
139-146

 for the preparation of ZSM-5 zeolite from RH 

silica or RHA were developed using TPA as a template. Hemalatha et al. synthesized 

NaZSM-5 zeolite with TPA bromide (TPAB) as a structure directing agent.
139

 In their 

report, RHA was refluxed in 2.0 M NaOH solution at 70 °C for 24 hours to obtain a 

silicate solution. The silicate solution was mixed with an aqueous solution of TPAB and 

aluminum sulfate. After stirring for 10 min, a NaOH solution was added to produce a 

hydrogel. This was transferred to an autoclave and crystallized at 180 °C for 3 days with 

stirring at 200 rpm. After filtering and washing, the crystallized product was dried at 100 
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°C and calcined at 500 °C in air for 6 hours to produce NaZSM-5 zeolite (Figure 1.5a). 

The ceria impregnated NaZSM-5 was also synthesized by wet impregnation of NaZSM-5 

with an ethanolic solution of cerium nitrate hexahydrate followed by stirring, vacuum 

drying, and calcining in air at 550 °C for 10 hours (Figure 1.5b).
139

 

 

 

 
Figure 1.5 SEM images of (a) NaZSM-5 and (b) ceria impregnated NaZSM-5. Samples were 

made from RH silica. 

 

Using TPA as an organic template, Naskar et al. developed a facile and single-

step hydrothermal method for the synthesis of ZSM-5 zeolite.
140

 RHA was mixed with 

sodium aluminate solution prepared by dissolving aluminum with NaOH solution. TPA 

hydroxide (TPAOH) was added dropwise into the above suspension with stirring. After 

stirring for 2 hours, the dispersion was hydrothermally treated in the temperature range 

from 130 to 170 °C for 12 or 24 hours. After washing and drying, the collected powders 

were calcined at 550 °C for 5 hours to produce ZSM-5 zeolites. It was found that the 

intergrowth of the crystals took place with an increase in temperature, as shown in Figure 

1.6. The effect of reaction time on the formation of ZSM-5 indicated that the particles of 
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ZSM-5 started to form through the assembly of smaller particles at a reaction time of 12 

hours. The formation of the ZSM-5 crystals was completed within 24 hours. With this 

method, the intermediate reaction steps can be omitted through an in situ reaction by 

directly using silica as the reactant. This is different with the conventional method in 

which the silica is converted to silicate and subsequently reacted with other precursors to 

synthesize zeolites.
140

 

 

 

 
Figure 1.6 SEM images of ZSM-5 synthesized at various conditions. (a) 130 °C/120 h, (b) 150 

°C/120 h (c) 170 °C/120 h, (d) 150 °C/12 h, and (e) 150 °C/24 h. Adapted with permission from 

ref.140 Copyright 2011. The American Ceramic Society. 
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Studies show that the ratio of SiO2/Al2O3 plays an important role in the formation 

of ZSM-5 zeolite. Mohamed et al.
141

 studied the effect of the Si/Al ratio on the 

characteristics of ZSM-5. RHA was treated with NaOH and reprecipitate by HCl solution, 

which was used to obtain the silicate solution. TPAB as a structure directing agent, 

together with n-propylamine (n-PA), was added to the above sodium silicate solution. 

Aluminum sulfate solution was added and the pH was adjusted to 11. The mixture was 

hydrothermally treated at 150 °C for 4 days. After calcination at 550 °C for 6 hours in air, 

the final ZSM-5 was synthesized. Two Si/Al ratios of 40 and 80 were investigated. The 

products were named Z40 and Z80 respectively. Z80 sample exhibited higher BET 

surface area (616 m
2
/g), crystallites size (44.4 nm), and crystallinity (100%) than that of 

Z40 sample with 536 m
2
/g of surface area, 35.8 nm of crystallites size, and 79.28% 

crystallinity. Compared with the Z80 sample with a pore radium of 25.32 Å, the pore 

radius of Z40 sample was 22.92 Å. Ali and coworkers
142

 followed similar procedures and 

synthesized ZSM-5 zeolite with SiO2/Al2O3 ratio of 3.636 by using silica obtained from 

RH. The results showed that the ratio of Na2O/SiO2 had a significant impact on the 

crystallinity and crystal size of ZSM-5. The optimum ratio of Na2O/SiO2 was found to be 

0.275, which resulted in 100% crystallinity and 99.36 Å crystal size of ZSM-5.
142

 

The hydrothermal method under pressure is the most popular one for the 

crystallization of ZSM-5. The synthesis under atmospheric conditions possesses its own 

advantages because of the simple setup.
144

 Kordatos et al. prepared ZSM-5 under 

atmospheric conditions. RHA, TPAB, and NaOH were mixed together and refluxed at 

110 °C for 11 days and then centrifuged. After washing and drying, the solid was then 

calcined at 550 °C for 5 hours to remove the organic template. The resultant ZSM-5 had a 
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high specific surface area of 397 m
2
/g. Compared to the hydrothermal treatments at 

elevated pressures, this method appears to be more commercially viable because of the 

simpler setup.
144

 However, this method requires a much longer reaction time than the 

hydrothermal method, which typically takes several hours to a few days. 

Hydrothermal reaction is much faster than refluxing under atmospheric conditions 

to synthesize zeolite-5. A microwave-assisted hydrothermal method was developed to 

shorten the reaction time.
145

 In this process, microwave radiation was used for rapid 

dissolution of silica in the NaOH solution. It is 3−4 times faster when compared to the 

conventional hydrothermal process. Small size ZSM-5 zeolite crystals (0.35.0 m) were 

obtained with the assistance of microwave radiation. The rapid dissolution of silica 

results in supersaturation of silica in NaOH solution and subsequent formation of zeolite 

crystals. Microwave assistance should bring similar benefits when it is coupled with the 

refluxing method under atmospheric conditions.
145

 

TPA based organic templates exhibit excellent structure-directing function for the 

preparation of ZSM-5, but it is neither eco-friendly nor cost-effective. Thus, template free 

methods were developed.
147-149

 Fernandes et al. developed an economically feasible route 

for the preparation of ZSM-5 zeolite with high purity and crystallinity without using 

organic templates.
147

 In their process, RHA reacted with the NaOH solution, mixed with 

NaOH, aluminum sulfate, sodium sulfate, ethanol, and ZSM-5 seeds with vigorous 

stirring. The mixture was aged for 40 hours at 40 °C to give the gel and was crystallized 

hydrothermally at 200 °C for 50 hours. The ZSM-5 zeolite was obtained after washing 

and drying the solid at 120 °C for 24 hours. Fe incorporated ZSM-5 zeolites were 

successfully prepared using RHA without any aid of external structure directing 
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templates.
148

 The phosphoric acid used in the synthesis formed a complex with Fe, which 

acted as surface directing agent in the formation of Fe incorporated ZSM-5 zeolites. 

The synthesis of ZSM-5 zeolite/carbon composites was also found to be a 

promising environmentally-friendly chemical process compared to those involving 

organic templates. Vempati et al.
149

 prepared ZSM-5 zeolites with various carbon content 

by a hydrothermal reaction without an organic template. In their synthesis, RHA 

containing different concentrations of combustible carbon was used as the silica source. 

Na-aluminate salt was used as the aluminum source to adjust the SiO2/Al2O3 molar ratio 

(20 to 80). The ratio of SiO2/Al2O3 and the combustible carbon content were very 

important for the formation of ZSM-5. For samples with a carbon content of 0.03%, the 

pure phase ZSM-5 was formed up to a SiO2/Al2O3 molar ratio of 80. The pure ZSM-5 

was obtained at a SiO2/Al2O3 molar ratio of 20 when the samples with a carbon content 

of 20% and 40% were used. Carbon containing ZSM-5 could be calcined at 500 °C for 3 

hours to give carbon free ZSM-5. This process does not affect the structure of ZSM-5.
149

 

1.5.1.2. Zeolite Beta 

Zeolite Beta is usually synthesized by the hydrothermal method with organic 

templates and conventional silica sources, such as aqueous silica sol, colloidal silica and 

TEOS.
150-151

 Zeolite Beta was successfully synthesized using RH silica as the silica 

source and tetraethylammonium hydroxide (TEAOH) as the structure-directing agent.
152

 

RHA was first converted to sodium silicate solution. Sodium aluminate dissolved 

in a TEAOH solution was added to the above solution with vigorous stirring and then 

homogenized for at least 2 hours to give a gel. The gel was hydrothermally treated at 150 

°C for 0.2512 days. Zeolite beta was obtained after the solids were calcined at 550 °C 
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for 16 hours. The silica could be completely transformed to Zeolite Beta after just 2 days 

of hydrothermal synthesis at 150 °C. The transformation mechanism of the crystalline 

silica to Zeolite Beta involved dissolution of the silica in the highly basic reaction 

mixture, formation of an aluminosilicate, crystallization of the metastable zeolite Na-P, 

and the pure Zeolite Beta phase. 

1.5.1.3. Zeolite MCM-22 

Among a wide variety of zeolites, MCM-22 exhibits a unique framework 

topology with two independent pore systems. The structure is attractive for adsorptive 

and catalytic applications. Recently, RH silica has been successfully used to prepare 

MCM-22.
153-154

 

Cheng et al.,
153

 added RH silica powder and hexamethyleneimine (HMI) to the 

solution of NaOH and NaAlO2 with stirring. A gel was obtained after 2 hours of reaction. 

The gel was transferred to a Teflon-lined autoclave and was aged at 50 °C for 1 day, 

crystallized at 100 °C for 1 day, and then crystallized at 150 °C for 1 day to give the 

crystalline solid. MCM-22 was obtained after the removal of the organic template by 

calcining the above crystalline solid at 800 °C for 8 hours. Through this three-stage 

method, the crystallization time of MCM-22 was reduced from typically 9–12 days for a 

static process to 3 days. 

1.5.1.4. Zeolite NaA, NaX, and NaY 

Wittayakun et al. used RH as an effective silica source to synthesize zeolite 

NaY.
155

 In their study, the zeolite NaY was prepared from a seed gel and feedstock gel. 

The sodium silicate solution was prepared from RH silica and added to a sodium 

aluminate solution. The mixture was aged at room temperature for 24 hours to give the 
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seed gel with a molar ratio of 10.67Na2O:Al2O3:10SiO2:180H2O. The feedstock gel with 

a molar ratio of 4.30Na2O:Al2O3:10SiO2:180H2O was prepared in a similar fashion and 

was used immediately without aging. After the seed gel was slowly added into the 

feedstock gel with stirring, the mixture was aged at room temperature for 24 hours and 

then crystallized at 90 °C for 2272 hours. The optimum crystallization time was found 

to be 24 hours. The pure NaY zeolite was obtained after washing and drying, as shown in 

Figure 1.7a. In contrast, the mixture of seed gel and feedstock gel was directly 

crystallized at 90 °C for 24 hours without aging. The mixed phase of NaY and NaP was 

obtained by this crystallization process (Figure 1.7b).
155

 

 

 

 
Figure 1.7 SEM images of pure zeolite Y synthesized from RH silica. (a) and transformation 

products from NaY containing NaP as a major component (b). 

 

Yusof et al. investigated the synthetic conditions for zeolite NaY with high purity 

RH silica by seeding and ageing techniques.
156

 It was concluded that the zeolite produced 

from RH without seeding and ageing techniques consisted of a mixture of zeolites A and 

Y. The zeolite synthesized by ageing but without seeding techniques was mainly a 

mixture of zeolite P and Y.
156

 

(a) (b) 
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Based on the seeding and ageing method, the effect of RH silica crystallinity on 

the synthesis of the NaY was examined by using amorphous RH silica from controlled 

calcination of RH and crystalline silica from RHA.
157

 The results showed that amorphous 

RH silica was a better candidate because of its high efficiency in product recovery and 

simplicity of extraction. Furthermore, the prepared NaY could be exchanged into NH4Y 

after ion-exchange and then converted to HY after calcination of NH4Y.
157

 

Zeolites NaX
158

 and NaA 
159-161

 were synthesized by carefully mixing sodium 

silicate and aluminate solutions to obtain sodium aluminosilicate gel before the 

hydrothermal treatment. Dalai et al. used the silica from RH to synthesize NaX by a 

hydrothermal method.
158

 RH silica was reacted with NaOH solution with shaking and 

heating at 80 °C for 5 hours. The sodium aluminate solution was obtained by adding 

aqueous NaOH solution to Al(OH)3 powder followed by heating the solution to boiling. 

The sodium silicate and sodium aluminate solutions were mixed slowly with continuous 

shaking to obtain the sodium aluminosilicate gel, which was hydrothermally treated. The 

NaX zeolite was obtained by drying the solid in an oven at 120 °C for 12 hours. A series 

of NaCuX zeolites were prepared by mixing the synthesized NaX with a cupric acetate 

solution. 

1.5.2. Applications of Zeolite 

1.5.2.1. Adsorption 

The zeolites synthesized from RH silica or RHA and their modified forms have 

been used for the removal of ions and organics from water systems because of their high 

ion-exchange capacity and molecular sieve properties.
153-154

 The MCM-22 synthesized 

from RH was used as an adsorbent to remove basic dyes from aqueous solutions.
154
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MCM-22 exhibited very high adsorption of methylene blue (1.810
4

 mol/g), crystal 

violet (1.210
4

 mol/g), and rhodamine B (1.110
4

 mol/g). The adsorption kinetics 

indicated pseudo second-order kinetics. The adsorption was a two-step diffusion process 

with film diffusion dominating the process. The adsorption isotherm fitted the Langmuir 

and the Freundlich models.
154

 The MCM-22 from RH was an adsorbent for basic dye red 

5GN.
153

 The maximum extent of adsorption of red 5GN onto MCM-22 was at pH of 10, 

contact time of 60 min, with a MCM-22 dose of 1.0 g/L. The adsorption kinetics fitted a 

second-order equation better than Lagergren’s first-order kinetics.
153

 The ZSM-5 with 

various carbon contents synthesized from RH silica could be used for the removal of 

volatile organic compounds from waste water and air.
149

 

Zeolites have shown different adsorption capacities for metal ions. In order to 

enhance the adsorption capability, the zeolites were modified by specific surfactants.
101

 

Yusof et al. used hexadecyltrimethyl ammonium (HDTMA) to modify the zeolite NaY 

synthesized from RH to remove the Cr(VI) and As(V) anionic species from aqueous 

solutions.
162

 HDTMA-Br was dissolved in distilled water, mixed with pre-synthesized 

NaY, and stirred for 5 days at room temperature. After vacuum filtration, the solid 

sample was dried at 60 °C overnight to produce the HDTMA modified NaY. Study 

showed that the unmodified zeolite Y had little or no affinity for chromate (Cr(VI)) and 

arsenate (As(V)) anionic species. The zeolite Y modified by surfactant HDTMA 

exhibited strong capability of removing these anions from the aqueous solution. And the 

modified NaY with HDTMA in an amount equal to the 100% of their external cation 

exchange capacity exhibited the highest removal capacity. The pH of the solution had an 

influence on the adsorption capacity. The highest removal capacity for Cr(VI) and As(V) 
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was observed at pH 3 and 8, because Cr(VI) and As(V) were in the univalent form at 

those pH values. Just one exchange site from the HDTMA modified zeolite Y was 

needed. The adsorption of Cr(VI) and As(V) by the modified zeolite Y fits the Langmuir 

isotherm equilibrium.
162

 

The modified ZSM-5 zeolites with different surfactants were used to remove Pb
2+

 

from water.
142

 The pre-synthesized ZSM-5 zeolite from RH was impregnate with a NaCl 

solution for 24 hours and washed two times with water.
142

 The solid was filtered and 

dried in air to produce the NaZSM-5. The zeolite was mixed with surfactant, such as n-

PA, TPAB, tetrabutylammonium bromide (TBAB) and CTAB. The mixture was shaken 

for 24 hours at 25 °C. The modified ZSM-5 was obtained after filtering and drying. The 

removal of Pb
2+

 from water depended on the type of surfactant. The TPAB modified 

ZSM-5 could absorb up to 85% of Pb
2+

 from solutions containing 50–140 ppm Pb
2+

. The 

unmodified ZSM-5 or modified by n-PA, TBABr, or CTAB had lower absorptions of 

Pb
2+

.
142

 

Due to their good adsorptive and desorptive capacity, zeolite supported transition 

and rare earth metal oxides have been used to capture CO2 through the interaction of the 

metal oxides and CO2. Because of the strong interaction between CeO2 and CO2, 

Hemalatha et al. synthesized NaZSM-5 from RHA as the silica source and prepared CeO2 

impregnated NaZSM-5 by the wet method according to the procedures described 

above.
139

 The CO2 adsorption–desorption measurements showed that CeO2 impregnated 

NaZSM-5 exhibited higher CO2 adsorption capacity than NaZSM-5. The CeO2/NaZSM-5 

composite with 5% CeO2 exhibited the highest adsorption capacity (130 mg/g). The 

amount of physisorbed CO2 was higher than the chemisorbed one. The dipolar interaction 
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between CeO2 and CO2 was inferred to be responsible for the enhanced adsorption of 

CO2.
139

 Using the similar method, ZnO impregnated NaZSM-5 zeolite was synthesized 

by the same group.
163

 The maximum CO2 adsorption capacity of ZnO/NaZSM-5 

composite was 140 mg/g of sorbent, slightly higher than that of CeO2/NaZSM-5 

composite. 

1.5.2.2. Catalysis 

Due to their high adsorption capacity, zeolites have attracted interest as catalyst 

support. This increases the surface area of the active site of catalysts and creates 

synergism. Metal oxides such as Co3O4 and V2O5
141

 and transition metal ion Fe
3+146

 have 

been successfully incorporated into the framework of ZSM-5 zeolites synthesized from 

RH either during the in situ synthesis or by impregnation. Mohamed et al. prepared 

Co3O4 or V2O5 substituted ZSM-5 catalysts using the wet impregnation method.
141

 The 

aqueous solution of Co(NO3)2 or NH4VO3 was mixed with ZSM-5 at 80 °C for 3 hours. 

After drying at 120 °C, the sample was calcined at 500 °C in air for 6 hours to obtain the 

metal oxides inside zeolites. Co3O4 and V2O5 were included into ZSM-5 zeolite by an in 

situ method similar to the synthesis of ZSM-5.
141

 The study of their photocatalytic 

activity towards acid green dye showed that the samples prepared by the impregnation 

method exhibited higher activity. This was attributed to the greater exposed active sites 

on the catalyst surface. Using the in situ method, Fe-substituted ZSM-5 was synthesized 

by isomorphous substitution of Fe in the framework of ZSM-5.
146

 The Fe-substituted 

ZSM-5 could be used as a catalyst for the photocatalytic degradation of p-nitrophenol 

(PNP) with H2O2 as an oxidizing agent. The Fe-substituted ZSM-5 with an Al/Fe molar 

ratio of 0.4 exhibited the highest photocatalytic activity. This was attributed to charge-
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transfer excited complexs between Fe zeolite with the PNP ligand, in addition to the high 

surface area and high dispersion of Fe in the framework. 

1.5.3. Summary and outlook 

RHA and high quality amorphous silica from RH have been used to synthesize 

various zeolites. The amorphous silica from the treated RH can quickly dissolve and 

possess higher purity leading to higher productivity and quality of the zeolites. When 

RHA was used for the synthesis of zeolites, it helps achieve comprehensive applications 

of RH and converts waste to valuable material. Since silica can be dissolved in strong 

base and is typically the first step in the synthesis of zeolite, it is ideal to use a strong base 

to dissolve the silica in RH to form silicates, which can be used to synthesize zeolites. 

One can eliminate the calcination/burning process. The remaining lignocellulose after the 

dissolution of silica can be used for additional applications. 

1.6. Silicon nitride 

Silicon nitride (Si3N4) is one of the most important ceramic materials that exhibit 

high performance at both room temperature and evaluated temperatures because of their 

high chemical stability and excellent mechanical and thermal properties. Due to its 

superior properties and extensive applications, Si3N4 has attracted high research attention. 

Si3N4 are currently produced by several processes.
164

 Besides the direct nitridation of 

silicon powders
165

 and the reaction of chlorosilanes with a gas containing nitrogen or a 

nitrogen compound,
166-168

 the carbothermal reduction and nitridation of silica is an 

alternative and the most common method for producing Si3N4, which can be expressed by 

the following overall reaction.
169-171
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RH is a renewable feedstock that contains both silicon and carbon which make it 

an attractive candidate for the production of Si3N4. Moreover, the high surface area of 

silica and carbon, and their intimate contact from the incomplete combustion of RH are 

beneficial for the nitridation. In general, Si3N4 could be synthesized from RH at 

temperatures between 1100 and 1500 °C under a flow of nitrogen gas
172-176

 although 

purified and dried ammonia was also used as a nitrogen atmosphere.
177

 It was showed 

that using RH as the raw material could lower the reaction temperature and greatly 

increase the rate of nitridation reaction compared to the conventional SiO2/C mixture. 

Some reaction parameters, including reaction temperature, RHA purity, and atmospheric 

gas constituents, have been shown to be critical for controlling the yield and morphology 

of the Si3N4 product.
175

 Rahman and Riley found that introducing hydrogen (95% 

nitrogen/5% hydrogen) could improve the rate of nitride formation, but need a higher 

reaction temperature (1450 °C).
178

 Some metal oxides, such as Fe2O3 and NaF, were 

found to have a positive catalytic effect on the formation of Si3N4.
179

  

Real et al. studied the synthesis of Si3N4 from the carbotherma1 reduction of RH 

by applying the constant-rate-thermal-analysis (CRTA) equipment composed of a high-

temperature (up to 1600 °C) tubular furnace and a CO infrared sensor interfaced to a 

furnace temperature controller.
180

 The reaction rate of carbotherma1 reduction could be 

controlled and meanwhile the CO concentration generated was maintained constant at a 

pre-determined value by the user. According to this procedure, the RH used were 

pyrolyzed at 600 °C for 3 hours in a helium atmosphere to give RHA with a C:SiO2 ratio 

of 3: 1. The resultant Si3N4 was produced by nitriding the obtained RHA under the 

mixture reactive gas of 95% nitrogen and 5% hydrogen. The reaction temperature 
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increased as CO concentration increased. The study concluded that varying the reaction 

temperature between 11751400 °C does not alter the ratio of Si3N4 produced. However, 

increasing the concentration of CO resulted in the increase of Si3N4 yield from 83% at 

0.0011 atm CO to 98% at 0.01 atm CO. By using this synthesis technique, the phase 

composition and microstructure of the resultant samples could be controlled.
180

 

Based on the carbotherma1 reduction and nitridation method, three forms of Si3N4 

containing powders, single-crystalline whiskers, and long polycrystalline fibers were 

prepared by Pavarajarn et al..
181

 In this process, RHA which contains 50.67% 

carbonaceous materials, 45.56% silica, and other metal impurities was nitrided under an 

atmosphere of 90% N2 and 10% H2 at the temperature range of 14001470 °C for 310 

hours to produce different types of Si3N4. The mechanism for the formation of Si3N4 was 

also examined. Both whiskers and long fiber forms were inferred to grow via the vapor–

solid mechanism, in which silicon monoxide vapor was the reaction intermediate. The 

single-crystalline whiskers were formed directly from the gas phase, while the long fibers 

progresses through an amorphous intermediate. Increasing temperature and reaction time 

would be beneficial for the formation of both fibrous products because of the 

enhancement in the silicon monoxide generation. Moreover, both whisker and fiber 

products could be easily separated from the remaining RHA.
181

 Using similar method, the 

Si3N4 whispers have been prepared by other group.
182

 RH were pyrolyzed at 800 °C for 3 

hours under argon atmosphere and then treated at 800 °C with different time intervals to 

produce Si3N4 whispers. The size of the whiskers increased as the reaction time increased. 
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1.7. Silicon tetrachloride 

Silicon tetrachloride (SiCl4) is commonly used as the starting material for the 

fabrication of silicon based materials that are extensively applied in the optical fiber and 

semiconductor industry. It also can be used as an intermediate to produce SiC, Si3N4, 

silica nanoparticles, luminescent silicon nanocrystals, as well as to catalyze certain 

organic reaction.
183-185

  

Based on the industrial method of producing SiCl4 using a SiO2/C mixture with 

Cl2 (expressed in following equation), RH was studied as a precursor to synthesize high-

purity SiCl4, because RH could give almost-pure SiO2/C mixture after controlled 

pyrolysis at appropriate conditions. Results showed that high-purity SiCl4 obtained using 

RH as a raw material could avoid the separation procedure and also lowers the cost. 

 

Using RH as a raw material, SiCl4 was synthesized through the carbonization of 

RH in nitrogen atmosphere followed by chlorination reaction.
186-187

 The results showed 

that the quality of the resultant products relies heavily on the raw materials used, as well 

as the controlled reaction conditions. To precisely examine the influence of the 

precursors and the experimental conditions on the products, the pelletizing technique was 

introduced to pre-synthesize the RH pellets containing silica and carbon, which was used 

to prepare SiCl4 by chlorination process.
188-189

 During those procedures, the RH was first 

acid-leached with 1 N HCl to eliminate metallic impurities and then calcined in argon at a 

given temperature. The carbonized RH was pressed into pellets. Following the pyrolysis, 

the samples were placed in the reactor under the preset conditions: chlorine gas flow of 

4.0 L/min at a pressure of 1 atm for a dwell time of 550 min. At the end of the 
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chlorination process, chlorine gas was substituted with argon gas for the duration of 

1015 min. Then the final product of SiCl4 was obtained. It was found that the 

amorphous structure of the RH pellets improves the reaction kinetic. 

Other parameters, such as reducing agent concentration, temperature, and 

catalysts affecting the chlorination reaction kinetics were also studied.
189

 In those studies, 

the graphite was added as excess reducing agent to examine the influence of reducing 

agent crystallinity on the silica conversion.
188-189

 The addition of graphite as reducing 

carbon did not have an ideal effect on the silica conversion as that of naturally occurred 

carbon: the increase of the graphite content lowered the silica conversion. It was 

attributed to the difference in crystallinity of the added graphite and the naturally 

occurring carbons. In an the previous report, K
+
 was found to accelerate the rate of 

chlorination due to the K
+
 ions diffusing into the silica lattice and consequently distorting 

the silica lattice.
187

  Therefore, the chlorinating species such as chlorinated carbon were 

easy to diffuse in silica lattice. However, Seo and his coworkers found that the 

temperature parameter had a greater impact on the chlorination reaction kinetics, whereas 

the use of catalysts (CuO and TiO2) has no significant effect on the reaction kinetic when 

temperatures are below 1050 °C.
189

 Thus, three following intervals of experiments, 700, 

900 and 1100 °C, were conducted without the addition of graphite or a catalyst to test the 

most efficient means of conversion. The results confirm that the optimal silica reaction 

yield occurred at 1100 °C with the silica conversion value of 90%. 
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1.8. Others 

1.8.1. Silicon 

Silicon is a well-known important material for optoelectronic devices, and more 

than 90% of photovoltaic cell is silicon-based. Although solar photovoltaic power 

generation is a proven technology, high cost and the shortages in the supply of solar-

grade silicon have hampered its growth. 

Comparing with the commercial manufacture of solar-grade silicon by Siemens 

process or conventional metallurgical refining process, the synthesis of low cost solar 

grade silicon from RH was found to be an alternative approach to meet the low-cost 

requirement of high-purity silicon because of the simple synthesis procedure of high-

purity silica from RH. Since polycrystalline silicon of 6 N purity (99.9999%) was 

synthesized by magnesium reduction of RH silica at temperature of 800 °C followed by 

successive acid leaching refining (mixtures of HF, H2SO4 and HCl),
190

 many other 

methods had been subsequently developed.
191-194

 For the magnesium reduction of RH 

silica procedure, the reaction temperature could be reduced to 550650 °C,
191

 and the 

purified RH silica exhibited more potential for solar grade silicon production than 

unpurified ones.
193

 Besides of magnesium, both calcium and carbon have been used to 

reduce the silica from RH.
192, 194

 Although many efforts had been made in 1980’s, there 

hasn’t been a big breakthrough and only a few studies have been reported for the last 

decade on this subject.
195

 

Based on the magnesium reduction of silica method, Larbi et al did a very 

detailed study for the reduction behavior of RH silica for preparation of high purity 

silicon.
195

 In their study, the RHA obtained from a local company was first leached by 
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using 10 wt% HCl at 90 °C for 4 hours to removal the metal impurities and then heat 

treated at 700 °C in air for 12 hours to reduce carbon content, resulting in the resultant 

silica with the purity of approximate 98%. The obtained silica was mixed with 

magnesium granules followed by wet blending with 4% polyvinyl alcohol solution. The 

magnesium to silica mole ratio was varied between 22.5 which corresponded to 025 

wt% excess magnesium. After drying under argon atmosphere, the samples were 

pelletized into 16 mm diameter cylindrical pellets. The reduction experiments were 

carried out under argon at selected temperatures in the range of 600900 °C with the rate 

of temperature rise of 10 °C/min. After reacting at the given temperature for 1 hour, the 

sample was acid leached by two steps. The first step was carried out by using the mixture 

of 1.25 M HCl and 4.37 M acetic acid in a respective volume ratio of 4:1 at 70 °C for 1 

hour. After filtering, washing with DI water and drying, the sample was then acid leached 

with the mixture of 2.76 M HF and 4.37 M acetic acid in a volume ratio of 1:9 at 70 °C 

for 1 hour. The silicon with the purity of 99.5% could be finally synthesized. 

The results showed that the maximum silicon yield occurred when the magnesium 

to silica mole ratio was 2.1 because excess magnesium could form Mg2Si at the cost of 

Si, resulting in the low yield of silicon. The yield of silicon also significantly depended 

on the reaction temperature. Then higher reaction temperature gave higher yield of 

silicon, which was attributed to the reduction of the amount of Mg2Si at high temperature. 

Thus, in their study, the maximum silicon yield was obtained at the temperature of 900 

°C. The mechanism of reduction reaction was also studied in this study. The reaction of 

RH silica with magnesium was initiated at approximately 575 °C, at which temperature 

magnesium has sufficiently high vapor pressure. The rapid reaction between magnesium 
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vapor and solid silica took place, which was then slowed down as the reduction products 

(MgO and silicon) limit diffusion of magnesium to the silica core. Thus the concentration 

gradient for magnesium from the surface to the reaction interface was created, and the 

Mg2Si was easily formed at the outer layers due to the thermodynamic conditions. 

Therefore, the higher temperature and longer time favored further reduction of silica and 

also the consumption of Mg2Si to give a higher silicon yield. 

1.8.2. Silicate and related products 

Silicate is a family of materials that derived from silica (SiO2), it consist of 

silicate anions and is balanced by various metal cations. People have been using silicas 

originated from RH as a precursor to prepare all kinds of silicates.
196-200

 Reasons to use 

RHA as a silica source in making silicates reply on its low cost and amorphous nature. 

Amorphous RHA has larger surface areas to volume ratio relative to crystalline silica and 

will favor the silicates formation as a consequence.
196-201

 Zeolite is one type of the 

silicates and has been reviewed in a separate section due to its importance. In this section, 

several selected common silicates derived from silica originated from RH will be 

reviewed. 

1.8.2.1. Calcium silicate 

Portland cement consists of several components such as calcium silicates, calcium 

aluminates, gypsum etc., in which the calcium silicates (Ca3SiO5 and β-Ca2SiO4) are the 

two most important components.
196

 Ca3SiO5 and β-Ca2SiO4 contribute to about 70% of 

cement mass. It is well known that β-Ca2SiO4 has advantages over Ca3SiO5 because its 

production requires less energy and raw materials.
196, 201

 It has been a research interest for 

decades to increase the portion of β-Ca2SiO4 in Portland cement to save energy as well as 
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raw materials.
196, 201

 Moreover, it has been estimated that the cement industry is 

responsible for approximately 6% of total CO2 emissions in the world.
202

 Higher amount 

of β-Ca2SiO4 in cement could certainly minimize this problem. Typically, commercial 

cement is produced in rotary kilns at temperatures around 1500 °C through solid-state 

chemical reactions. As a comparison, by using silica derived from RH, β-Ca2SiO4 can be 

synthesized at 800 °C through similar solid-state chemical reactions. Romano et al. 

prepared β-Ca2SiO4 doped with titanium using RHA.
196

 Physicochemical and mechanical 

properties such as total water absorption, water absorption by capillary rise, resistance to 

acidic attack, and flexural strength showed that the performance of mortars containing 

20% of β-Ca2SiO4 doped with titanium was similar to the mortars prepared from 

commercial Portland cement. And the -Ca2SiO4 material was synthesized at 800°C. The 

authors also prepared manganese modified β-Ca2SiO4 by using RHA.
196

 Briefly, CaO, 

MnO and RHA were calcined together at 800 °C for 3 hours and different calcium 

silicates containing various amounts of manganese were prepared. It showed a high 

potential for the utilization of RHA as a raw material in cement production. Singh 

prepared highly reactiveβ-Ca2SiO4 using RHA.
203

 The author showed that by using 

RHA, highest compressive strength of β-Ca2SiO4 was made compared to that made from 

other sources of silica such as Aerosil and aerosol containing 10 wt % fly ash.
203

 

1.8.2.2. Zirconium Silicate (ZrSiO4) 

Lee and coworkers prepared vanadium doped ZrSiO4 (V-ZrSiO4) using silica 

from RH.
197

 Synthesis of the optimum V-ZrSiO4 (blue color) was carried out at 750 °C 

for 5 hours on equimolar amount of ZrO2 and SiO2 mixture with the addition of 0.2 mol 

% of V2O5 and 0.5 mol % of NaF (mineralizer). The formation mechanism of the 
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pigment synthesis was proposed as follows: 500 to 700 °C is the temperature for an 

active reaction, which is the initial step reaction caused by the phase transition of α-

quartz to β-cristobalite involving the reaction of V2O5 with NaF to produce the 

intermediate phase NaVO3 and SiF4. At the final step in the temperature range from 700 

to 800 °C, zircon is synthesized as SiF4 diffuses into the M-ZrO2 lattice. As soon as it is 

produced, V(IV) is incorporated into the mother crystal resulting in a turquoise blue 

coloring of the Zirconium Silicate. 

1.8.2.3. Lithium aluminum silicate  

Lithium aluminum silicate (LAS) glass ceramic, one of the most important glass-

ceramic systems, has attracted high attention over the past several decades, because of its 

low and even negative thermal expansion coefficient as well as excellent thermal and 

chemical durability.
198

 Chatterjee et al. prepared LAS through a sol-gel technique by 

using three different sources of silica namely TEOS, commercial fumed silica and RHA. 

-eucryptite and -spodumene were successfully prepared from all of the three silica 

sources. SEM results indicated no distinguishable morphology of LAS powders for three 

different sources of silica, though the reactivity of RHA was slightly lower than that of 

TEOS and fumed silica. Notably, the RHA used in the paper was mainly crystalline form 

(cristobalite form) and the silica from TEOS and fumed silica were amorphous based on 

XRD results in their paper.
198

 Presumably the crystalline form of RHA is responsible for 

its lower activity relative to TEOS and fumed silica. 

1.8.2.4. Titanosilicate 

Microporous titanosilicate is a new family of unique zeolite discovered by 

Engelhard in 1989,
204

 and this new classes of microporous titanosilicates were named as 
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ETS-4 (0.4 nm pore size) and ETS-10 (0.8 nm pore size). Shamsuddin and coworkers 

found that RHA is a very suitable silica source in the low cost preparation of highly pure 

ETS-10.
199

 An optimum preparation procedure of ETS-10 was obtained from the gels of 

molar composition TiO2:3.75SiO2:1.5NaOH:0.54KF:21.25H2O at 493 K and 52 h of 

crystallization time. Various characterizations showed that ETS-10 derived from RHA 

was found comparable with that prepared using Ludox in terms of their physicochemical 

properties. The RHA synthesized ETS-10 exhibited a very high BET surface area of 364 

m
2
/g. (Figure 1.8).

199
 

 

Figure 1.8 FE-SEM micrographs of ETS-10 synthesized by different silica sources. (a) Ludox-30 

(b) RHA. Calcination temperature was 493 K. Scale bar: 200 nm.199 

1.9. Conclusion 

Many chemicals have been successfully derived from biomass. In many cases the 

feedstock is competing with food, such as lactic acid from corn and ethanol from sugar 

cane or grain.
205-206

 Other biomasses such as switch grass or wood, though do not 

competition with food, will results in competitions within resources (water, nutrition etc). 

On the contrary, utilization of RH biomass has no competition with food or other 

resources which offers an advantage over other biomasses for further development 
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towards commercialization. As a biomass in agriculture industry, RH is becoming a more 

and more important resource for silica due to its abundance and low cost. The amorphous 

feature and large surface area of silica derived from RH made it a good raw starting 

material for silicon based industry application.
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CHAPTER 2  

Extraction of Lignocellulose and Synthesis of Porous Silica Nanoparticles from Rice 

Husks - A Comprehensive Utilization of Rice Husk Biomass 

2.1. Introduction 

Rice husks (RHs) are a tough and bulky biomass with a high silica content from 

rice production.
1, 3, 11, 13

 It contributes ca. 20-25 wt% of the dry weight of paddy rice.
1
 The 

anticipated world rice production in 2012 is 489.1 million tons,
207

 which means 

approximately 122-163 million tons of RH biomass will be generated globally in 2012. 

The density of an individual RH is ca. 735 kg/m
3
, whereas the bulk density of piled RHs 

is approximately 100~122 kg/m
3
.
7-8

 Studies have shown that RH contains ca. 15~28 wt% 

of silica depending on the variety, origin, climate, and geographic location
11, 68

 and about 

72~85 wt% of lignocellulose (LC),
9, 208

 including cellulose (ca. 35-40 wt%), 

hemicellulose (ca. 15-20 wt%), and lignin (ca. 20-25 wt%).
1, 208

 In addition to the two 

main components, RH also contains a trace amount of other substances such as metal 

ions, chlorides, phosphates, etc.
13, 209

 The application of RHs has been limited because of 

their tough nature, low nutritional value, and great bulk.
13

 Currently, the two most 

common RHs disposal methods are open field burning and land filling, which result in 

waste of energy, greenhouse gas emission, air pollution, and huge landfill space 

occupancy due to their low bulk density.
9, 30

 To address those issues, researchers have 

been investigating for decades to explore more economical ways to make full use of 

RHs.
68, 210-213

 Conventional applications of RHs include producing agriculture 

compost,
214

 making construction materials (e.g., bricks, insulation fillers, etc.),
215

 

generating electricity (controlled burning).
216

 In addition, methods to derive higher values 
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from RHs have also been explored, such as deriving various silicon based materials,
11, 13, 

217
 which have attracted high attention in the past decades. 

Lignocellulose (LC), a major component in RHs, is an abundant renewable 

carbohydrate resource that can produce sustainable energy and chemicals. Making full 

use of LC can help reduce CO2 emissions and atmospheric pollution.
218

 However, during 

the previous explorations to prepare silicon based materials from RHs, the LC in RHs 

was largely ignored. They were typically burnt and thus wasted. The major challenge lies 

in the fact that there was no effective method to separate lignocellulose from RH. This 

situation has changed since the revolutionary work conducted by Rogers and 

coworkers
219

 on the dissolution of lignocellulose by ionic liquids (ILs).
220-223

 It has been 

shown that several ILs can dissolve the lignocellulose in RHs.
224-225

 

In addition to lignocellulose, RH also contains a high concentration of silica. The 

silicon element enters rice plants via their root in a soluble form, probably as a silicate or 

monosilicic acid, which undergoes bio-mineralization to form a lignocellulose and silica 

connected network in rice plant.
226

 It is widely agreed that the silica in RHs is 

predominantly in inorganic linkages. A small portion of the silica might be covalently 

bonded to the organic compounds.
226

 This portion of the silica cannot be dissolved in 

alkali and can withstand very high temperatures.
226

 Studies have shown that the silica in 

rice plant is mainly localized in the tough external layer (epidermis) of RHs and it also 

fills in the space between the epidermal cells.
13

 Harvesting silicon based materials has 

been the major research focus on RHs, since silicon based materials have widespread 

application in auto industry, information technology, fine chemistry, and material 

science.
20-21

 So far, various silicon based materials have been derived from RHs,
13
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including silica,
30

 silicon carbide,
103

 silicon nitride,
181

 silicon tetrachloride,
189

 zeolite,
153

 

and silicon.
119, 195

 

It is of great environmental and economical importance to utilize both the 

lignocellulose and the silica in RHs. In this paper, to our best knowledge, for the first 

time, a comprehensive approach to make full use of RHs by deriving both lignocellulose 

and silica from RHs is reported. We firstly used 1-butyl-3-methylimidazolium chloride 

(BMIMCl), an ionic liquid, to dissolve and isolate LC from RHs. The dissolved LC in 

BMIMCl could be easily regenerated and is ready for applications in various fields, such 

as paper pulp, biofuel, etc.
227

 After IL extraction, the RH residue can be readily thermally 

treated to yield high purity, amorphous and porous silica. Through this method, both of 

the two major components in RHs could be utilized to yield value-added products. In 

addition, the IL used in this method can be recycled efficiently and be used as a solvent to 

extract LC from RHs multiple times, which would facilitate the commercialization of this 

technology. 

 

2.2. Experimental 

The RHs used in this study were obtained from Three H’s LLC (Arkansas, USA). 

1-Butyl-3-methylimidazolium chloride (BMIMCl, Sigma-Aldrich) and concentrated 

hydrochloric acid (VWR) were used as received without further purification. 

RHs were first washed by deionized (DI) water three times to remove dirt and 

then dried in an oven at 90 °C overnight. The water rinsed and dried RHs (RH-H2O) were 

chopped into powders using a regular countertop blender prior to the IL treatment to 

increase the surface area of RHs. The grounded RH powders were mixed with a pre-
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determined amount of IL to extract lignocellulose. The weight ratio of IL to RHs was 

maintained at 15 to 1. The mixture of IL and RHs was stirred by a magnetic stirrer in an 

oil bath at a set temperature for a period of time (see Table 2.1). Immediately after the 

dissolution, the product mixture was centrifuged to separate the insoluble portion of RHs 

(namely RH residue) when the mixture was still hot to take advantage of its low 

viscosity. The supernatant was collected and mixed with DI water to precipitate the 

dissolved lignocellulose in IL. The precipitated LC was collected, washed with DI water 

three times, and then dried in an oven at 90°C overnight. A small portion of LC was 

bleached by 5 wt% H2O2 for 2 hours at 100 °C, and then the bleached LC was filtered 

and rinsed with DI water three times for demonstration purpose. The LC after bleaching 

was dried in an oven at 90 °C overnight.  

The separated RH residue was washed by DI water to remove the small amount of 

absorbed IL, and then re-centrifuged. This process was repeated three times to fully 

remove the absorbed IL, and then the RH residue was dried in an oven at 90 °C 

overnight. All the above solutions containing IL were collected and purified following a 

reported procedure: they were firstly evaporated under vacuum in a rotary evaporator 

(IKA-RV10) at 90 °C to remove the water as much as possible, and then the recycled IL 

was dried in a vacuum oven (VWR S/P Model 1430) for 24 hours at 90 °C.
228

 The 

recycled IL was used to extract LC in RHs following the same procedures as described 

above.  

The degree of extraction of LC was calculated according to Equation 1, where wi 

is the initial weight of RHs used, wre is the weight of RH residue (insoluble portion) after 
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IL extraction. LC content was set to be 81.7 wt% in RHs in this article based on the TGA 

measurement, which will be discussed below. 

                            (   )  
      

        
              (1) 

In order to compare the effectiveness of IL treatment on the removal of metal 

cations for the synthesis of silica, acid treated RHs were also prepared and used as a 

control. Acid treatment was carried out based on the water rinsed and dried RHs, which 

were directly refluxed in 5.0 wt% HCl in a round bottom flask for 1 hour. After that, the 

RHs were rinsed with DI water three times before dried in an oven at 90 °C overnight. 

Both the RH residue after IL extraction and the acid treated RHs were pyrolyzed 

at 700 °C for 2 hours to prepare silica nanoparticles. 

Scanning electron microscopy images were acquired on a LEO 1530 VP field 

emission scanning electron microscope (FE-SEM). All Samples were sputter coated with 

a thin layer (ca. 3 nm) of Au/Pd prior to SEM imaging. The purity of silica was measured 

on a PANalytical AXIOS X-Ray Fluorescence (XRF) Spectrometer. The surface area of 

silica nanoparticles was measured on a TriStar II 3020 Surface Area and Porosity System. 

The samples for surface area measurement were dried at 250 °C over 8 hours prior to the 

measurement. X-ray diffraction (XRD) patterns were recorded using a Bruker D8 

diffractometer with Bragg-Brentano -2 geometry (40 kV and 30 mA), using a graphite 

monochromator with Cu K (=0.1540 nm) radiation. Thermogravimetric analysis 

(TGA) was conducted on a TA Q50 analyzer (TA Instruments) at a heating rate of 10 

°C/min in air atmosphere. 
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2.3. Results and discussion 

RHs are mainly composed of lignocellulose (cellulose, hemicellulose, and lignin), 

hydrated silica, and a trace amount of various metal ions, chlorides, and phosphates.
13, 209

 

Researchers have managed to synthesize various silicon based materials from RHs
13

 

while silica has been the major product. Earlier research has proved that metal cations, 

particularly potassium ions, in RHs are responsible for the melting of silica nanoparticles 

at relatively low temperatures during pyrolysis,
30, 46, 53, 229-231

 which leads to the 

aggregation of silica nanoparticles and increase of crystallinity. Studies have shown that 

acid treatment is an effective way to remove the K
+
 ions in RHs. Pyrolysis of acid treated 

RHs yielded silica nanoparticles with high purity and surface area, and low 

crystallinity.
30, 35, 232

 However, acid leaching is demanding on reaction equipment, and 

may generate potential pollution issues, thus highly undesirable for commercial 

production. Moreover, few of the approaches to prepare silicon based materials reported 

so far have taken the lignocellulose into consideration. During the conventional 

processes, the lignocellulose in RHs was simply burned and wasted, which also leads to 

severe CO2 emission and potential pollutions. 

ILs have been found to be a group of effective and green solvent for dissolving 

LC.
220

 It has also been reported that LC can be used in renewable energy,
233

 paper 

industry,
234-235

 and be converted into biofuel (particularly ethanol).
211-212

 Therefore, using 

IL to extract LC from RHs before harvesting silica (or other silicon based materials) 

would lead to a comprehensive utilization of the two major valuable components in RHs. 

At the same time, during the IL extraction of LC, it is expected that the metal impurities, 

particularly potassium which is typically soluble in water, can be effectively removed 
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simultaneously, which can bring synergistic benefits for the later stage of harvesting 

silicon based materials. In our study, the characterization results support this hypothesis, 

which will be discussed below. The detailed conditions for IL extraction are listed in 

Table 2.1. These conditions (temperature, time and weight ratio of RHs to IL) for IL 

extraction of LC were chosen since they are representative and were most typically used 

in the previous research.
221, 225, 228

 The results showed that either a higher extraction 

temperature or a longer duration is needed to improve the degree of extraction. At 130 

°C, ca. 51.1% of LC was extracted after 36 hours of reaction. This extraction rate is 

comparable to the previous reports which is approximately 30~50 wt%. 
225, 228

 

 
Table 2.1 Results on ionic liquid (IL) extraction of lignocellulose (LC). The weight ratio of IL to 

RH was 15 to 1 for all the samples. 

Sample 

ID 

Temperature 

(°C) 

Time 

(hr) 

Degree of Extraction 

of LC (%) 

IL Recovered 

(%) 

RH-IL-1 100 12 21.4 98.9 

RH-IL-2 150 12 46.6 97.9 

RH-IL-3 130 36 51.0 96.8 

 

The used IL can be easily recovered by a rotary evaporator (Table 2.1), and the IL 

dissolution efficiency after recycling was also studied. Table 2.2 shows that after 3 times 

of recycle of IL, the dissolution rate of LC under the same condition decreased from ca. 

51.0 to ca. 37.2 percent. The decrease in IL efficiency is probably caused by several 

reasons. Firstly, a small portion of the IL was decomposed during the RH extracting. Li et 

al. revealed that during the extraction, part of IL (as high as 15%) would undergo 

degradation depending on the temperature and duration.
228

 Secondly, there is always 

residual water remained in the recycled IL after recovery and water is a poor solvent for 
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LC.
228

 Since hydrophilic BMIMCl and water molecules could form weak interactions 

with each other,
236

 it is hard to completely remove the water content during recycling. 

Thirdly, after the LC regeneration, there is always a tiny amount of LC remaining in the 

IL. The residual LC will interact with IL and this interaction would negatively affect the 

recycled IL to accommodate new LC from RHs, and thus affect the performance of the 

recycled IL in the new cycle of extraction.
228

 Li et al. studied this phenomenon and based 

on the color of the recycled IL and 
13

C NMR results, they found that a low concentration 

of LC, presumably the ones with low molecular weights could still remain dissolved 

during the LC regeneration process.
228

 Nevertheless, based on our study, even after 3 

times of recycling, the IL still remains to be efficient in terms of isolating LC from RHs 

with a dissolution rate of 37.2 wt%. Overall, the IL efficiency data on LC extraction are 

in good agreement with earlier reports.
99, 228

 

 
Table 2.2 Effect of BMIMCl recycling on the degree of extraction efficiency. 

Sample 

ID 

Temperature 

(°C) 

Degree of Extraction 

(wt%) 

IL Recovered 

(wt%) 

IL Recycled 

times 

RH-IL-3 130 51.0 96.8 0 

RH-IL-4 130 44.2 97.1 1 

RH-IL-5 130 40.0 98.5 2 

RH-IL-6 130 37.2 97.9 3 

Note: the weight ratio of RH and IL was 1:15 for all samples and the extraction 

time were kept at 36 hours. 

 

The collected LC from RH is shown in Figure 2.1. The LC can readily be used in 

various applications such as renewable energy, biofuel, etc.
211-212, 227, 233

 After bleaching, 

the LC exhibits white color, thus potential for paper industry applications. It was reported 
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that the LC after IL extraction typically possesses a lower crystallinity compared to the 

original LC in plants and such LC with a lower crystallinity is a better candidate for 

widespread application.
237

  

 

 

 
Figure 2.1 Regenerated Lignocellulose from RH before (left) and after bleaching (right). 

 

Figure 2.2 shows the TGA results for the water rinsed RH (RH-H2O), HCl treated 

RHs (RH-HCl), and RH residue after IL extraction (RH-IL) (which is RH-IL-3 in Table 

2.1). Based on Figure 2.2, the RH-H2O used for this study contains ca. 18.3 wt% RH ash 

(RHA), most of which is silica. The ash content for RH-HCl and RH-IL is 24.8 and 33.4 

wt%, respectively. This shows that after either HCl or IL treatment, the silica content in 

RH residue was increased. For RH residue after IL treatment, the increase of silica 

content is simply owing to the partial dissolution of LC in RHs by BMIMCl. For the HCl 

treated RHs, the increase of silica content can be explained by the fact that the HCl 

treatment can help hydrolyze the organic components in RHs, especially 

hemicellulose.
211, 238

 Hemicellulose is hydrogen-bonded to the surface of cellulose micro-

fibrils. Under acid pretreatment, part of hemicellulose could be depolymerized by acid 
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assisted hydrolysis and this will also release some lignin which is indirectly associated 

with cellulose via linkage to xylan.
238
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Figure 2.2 TGA study of various rice husks. Samples were water treated RHs (RH-H2O), acid 

treated RH (RH-HCl), and RH residue after 1-butyl-3-methylimidazolium chloride (BMIMCl) 

extraction (RH-IL-3). 

 

Previous work has shown that in order to prepare high quality silica nanoparticles 

from RH, metal cations, particularly K
+
 cations, must be removed. Acid treatment has 

proved to be effective to remove metal cations.
35, 46

 In this work, it is expected that metal 

cations, particularly the ones soluble in water, can be removed during IL extraction, and 

achieve a similar effect as HCl treatment. To compare the metal removing effect, the 

silica samples prepared from both the RH residue after IL extraction and HCl treated RHs 

are systematically evaluated. 

Table 2.3 shows the XRF results of the silica samples from the water, IL, and HCl 

treated RHs. Among the three samples, the silica from the HCl treated RHs exhibits the 
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highest purity of 99.80 wt%; the silica from the IL treated RHs exhibits a slightly lower 

purity of 99.52 wt%; while the silica from the H2O treated RHs possesses a much lower 

purity of 96.91 wt% compared to the above two. Overall, the XRF results support that the 

IL treatment is much more effective than the water rinse and is comparable to the HCl 

treatment in terms of metal and non-mental impurities removal. This is probably because 

during the dissolution of LC, the impurities in the dissolved LC were removed together 

with this portion of LC. Meanwhile, the partial dissolution of RHs disrupted the overall 

structure of RHs, allowing for better contact between the ILs and the RH residue, which 

helps further remove the impurities in RH residue via an ion exchange process. In 

particular, IL treatment can effectively remove potassium cations, whose absence has 

proved to be very critical for the synthesis of high quality silica nanoparticles from 

RHs.
35, 46

 This in turn is consistent with the high purity silica samples from the HCl and 

IL treated RHs, which will be discussed in detail below. As such, the results support our 

initial expectation that the IL treatment, whose major purpose is to extract LC, can lead to 

a synergistic effect to remove critical metal cations, facilitating the subsequent synthesis 

of silica nanoparticles from RH residue. 

The XRD patterns of the silica samples from HCl and IL treated RHs are shown 

in Figure 2.3. The two patterns are very close to each other, and suggest that the silica 

samples are amorphous. This again suggests that the IL extraction process has effectively 

removed K
+
 cations, which is consistent with the above XRF results. 
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Table 2.3 XRF data of the silica made from the pyrolysis of RHs at 700 °C for 2 hours. The RHs 

were treated by H2O, IL, and HCl, respectively. 

Compound Silica from RH-

H2O (wt%) 

Silica from RH-

IL-3 (wt%) 

Silica from RH-

HCl (wt%) 

SiO2 96.89 99.52 99.80 

CaO 1.22 0.05 -- 

Cr2O3 0.61 -- -- 

P2O5 0.31 0.02 0.03 

MgO 0.25 -- -- 

SO3 0.19 0.04 0.06 

Fe2O3 0.18 0.30 0.06 

K2O 0.11 -- -- 

MnO 0.10 -- -- 

ZnO 0.08 -- -- 

NiO 0.04 0.05 0.03 

CuO 0.02 0.02 0.02 

 

 

 
Figure 2.3 XRD patterns of two silica samples. Samples were prepared from RH-HCl (up curve) 

and RH-IL-3(down curve), respectively. 
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Figure 2.4 shows the SEM images of the silica samples from the pyrolysis of HCl 

and IL treated RHs. The SEM images show that the diameter of the silica nanoparticles 

from the HCl leached RHs is ca. 50 nm, which is slightly lower than that of the silica 

nanoparticles (ca. 70 nm) from the IL treated RHs (RH-IL-3). Such a minor dimensional 

difference might be owing to the slightly higher concentration of metal cations in the IL 

treated RHs, particularly Ca
2+

 and Fe
3+

. It has been reported that Ca
2+

 can  promote the 

melting of silica, although its promoting effect is much less significant compared to K
+
 

cations.
239-240

 In addition, both silica nanoparticle samples exhibit a narrow particle size 

distribution, which is very valuable for their future applications. 

 

 

 
Figure 2.4 SEM images of silica nanoparticles from RH. Left: silica nanoparticles from the 

pyrolysis (2 hr @ 700 °C) of the IL treated RHs (RH-IL-3); Right: silica nanoparticles from the 

pyrolysis (2 hr @ 700 °C) of the HCl treated RHs (RH-HCl). 

 

While the two silica samples differ slightly in particle size, both of them exhibit a 

porous structure. The surface area of the silica nanoparticles from the HCl treated RHs is 

283.3 m
2
/g according to the BET characterization, which is slightly higher than that of 

the silica nanoparticles from the IL treated RHs (241.1 m
2
/g). Assuming all the particles 

are solid (nonporous) and perfectly spherical, and the density of silica is 2.22 g/m
3
 then 
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based on the particle size of the two samples in Figure 2.4 (~50 nm and ~70 nm),
46

 their 

specific surface areas should be ca. 54.1 and 38.6 m
2
/g, respectively. Thus, the BET 

surface area measurement showed that those silica nanoparticles were actually porous. 

The porous structure is probably because the silica retained its cellular skeleton structure 

in RHs,
241

 which is originated from the loose aggregation of primary silica nanoparticles. 

The porous silica structures observed here are consistent with our previous work.
46

 

While this work focuses on silica, other silicon based materials can also be 

synthesized after IL extraction. On the other hand, this comprehensive utilization 

approach can be applied to other biomass containing silica such as wheat, sorghum, etc. 

or other valuable inorganic materials which cannot be dissolved in ILs.
3
 

2.4. Conclusions 

Our study has shown that ionic liquid BMIMCl is an effective solvent to extract 

lignocellulose in RHs. The LC in RHs can be easily isolated and collected. The degree of 

extraction of LC by using BMIMCl reached 51.0 wt%, and the BMIMCl can be collected 

and reused for the extraction of LC. The IL treatment of RHs leads to a synergistic effect 

to effectively remove K
+
 cations, which has been conventionally achieved by HCl 

leaching of RH. Amorphous silica nanoparticles with a high purity, high surface area, and 

narrow particle size distribution were synthesized by the pyrolysis of RH residue after IL 

extraction. This work represents a fine first example of comprehensive application of 

RHs, which is expected to promote effective utilization of RH biomass globally in the 

near future.
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CHAPTER 3  

Synthesis of Lithium Aluminum Silicate Based on Different Sources of Silica via 

Sol-Gel Method 

3.1. Introduction 

Lithium aluminum silicate (LAS) glass-ceramic is widely known for its low and 

even negative thermal expansion coefficient (TEC).
198, 242-247

 Two well-known brands of 

glass-ceramic are Zerodur○R  and Sitall○R  which can be commonly found on telescope 

mirrors.
248-249

 The TEC of Zerodur○R  and Sitall○R  is about ±1 × 10
−7

/K, and ±1.5 × 

10
−7

/K, respectively. Glass-ceramic possesses other attractive properties including low 

heat conduction coefficient, good resistance to mechanical and thermal shock, and 

excellent chemical durability.
242-243

 There are variety of glass-ceramic systems which 

usually are denoted according to their chemical compositions, such as MAS-system 

(MgO-Al2O3-nSiO2), ZAS-system (ZnO-Al2O3-nSiO2), Cu2O-Al2O3-SiO2, and CaO-

MgO-Al2O3-SiO2 system etc.
243, 250

 Originally, glass-ceramic was developed for use in 

the mirrors and mirror mounts of astronomical telescopes.
248-249

 However, its use in 

cooktops, cookware, bakeware, and high performance reflectors for digital projectors, has 

made glass-ceramic an important commercial product.
251

 

LAS has been one of the most important glass ceramic system because of its low 

and even negative thermal expansion coefficient as well as excellent thermal and 

chemical durability. According to the previous studies,
198, 252

 either β-eucryptite (Li2O-

Al2O3-2SiO2) phase or β-spodumene (Li2O-Al2O3-4SiO2) phase can be the dominant 

crystalline phase in LAS glass-ceramic system. Quite a few approaches have been 

developed to synthesize LAS powders. For instance, commercial β-spodumene is 
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normally prepared by the recrystallization of solidified glass melt, in which a sintering 

agent is usually needed.
198

 The incorporation of a sintering agent will result in a large 

thermal expansion coefficient for the final products .
253

 Thus, preparation of 

homogeneous and fine β-spodumene without sintering agent is important. Sol-gel 

methods do not require sintering agents to synthesize glasses and ceramic composites. 

And the method has the advantages of low sintering temperature, high degree of product 

homogeneity, high purity and yield, short processing time, low cost, as well as being 

environment friendly.
252

 

In Chapter 1, it has been discussed that Rice husk (RH) is an abundant biomass 

with high silica content. RH can be used as a sustainable and renewable feedstock if 

treated properly.
197

 As has been discovered, RH contains ca. 15~28 wt % of silica 

depending on the variety, origin, climate, and geographic location. It would be beneficial 

if this silica could be harvested and utilized as a sustainable and renewable feedstock for 

the preparation of LAS glass-ceramic because the silica is of low cost and of very high 

purity.
30, 254

 Actually, researchers did try to use the silica from RH in to synthesize LAS 

through a sol-gel method.
198, 252

 The adopted silica was from non-treated RH, i.e., rice 

husk ash (RHA) from RH burning in air. RHA is a low purity, and partially crystallized 

silica. It has been found that the reactivity of RHA from non-treated RH was low and had 

poor results in preparing LAS glass-ceramics powders when compared with other sources 

of silica such as fumed silica.
198, 252

 Our study confirmed that RHA has low reactivity but 

on the other hand, we found that the silica from treated RH showed high reactivity which 

is comparable to that of fumed silica. Fumed silica is usually produced through burning 

of chlorosilane in air. And the process normally involves multiple reactions, high energy 
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input, and toxic reactants and byproducts. Thus the cost of the fumed silica is high. Based 

on the current market prices of fumed silica, we have estimated that the cost of producing 

fumed silica is about $1200/t, while the cost of silica from treated RH is about $400/t. 

That is to say, the silica from treated RH could be an ideal substitute for fumed silica in 

the synthesis of LAS glass-ceramics since their reactivity is similar but the cost is much 

lower for silica from treated RH than that of fumed silica. 

3.2. Experimental 

Aluminum nitrate nonahydrate (Al(NO3)3∙9H2O, 97+%), lithium nitrate 

anhydrous (LiNO3, 99%), ammonium hydroxide (NH3∙H2O, 28%), concentrated 

hydrochloric acid (HCl, 37%), potassium bromide (KBr, 99+%) were purchased at VWR 

and used as received. 

Fumed silica used in this study is provided by Evonik Industries Corp. (Aerosil○R  

155). Silica from RH (RHA) without any treatment is from Guangzhou, China. Silica 

from HCl treated RH (RH-HCl-Silica) is prepared according to the method previously 

reported.
30

 Raw RH was first rinsed with deionized water three times at room temperature 

to remove dusts and then dried at 100 °C for 24 h. The dried RH was then refluxed in 5.0 

wt% HCl solution in a round bottom flask for 2 hours. Then, the RHs were rinsed with DI 

water three times before dried in an oven at 100 °C for 24 h. Calcination of this HCl 

treated dry RH at 700 °C for 2 hours yields the RH-HCl-Silica. 

Scheme 3.1 illustrates the procedures of preparation of lithium aluminum silicate 

(LAS) powders from different sources of silica, i.e., fumed silica, silica from HCl treated 

RH (RH-HCl-Silica), and silica from non-treated RH (RHA). Overall, the procedure can 

be divided into two major steps. The first step is to prepare the sol of Lithia-Alumina 
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with their stoichiometric compositions. The second step is to prepare the sol of Lithia-

Alumina-Silica with their stoichiometric compositions by adding certain amount of 

various silica sources to the sol prepared in the first step. 

 

 
 

Scheme 3.1 Schematic illustration of synthesizing LAS. Sol-gel method and different silica 

sources were used. Note: equi.: equivalent amount. 

 

As shown in Scheme 3.1, the first step was to add the concentrated ammonia 

solution dropwise to the prepared Al(NO3)3∙9H2O solution (1M), until the pH of the 

solution becomes approximately 3.5 (measured by a pH meter). The mixture is 

under stirring and is kept at 80 °C while adding the ammonia solution. Keep heating 

the solution for 4 to 5 hours to allow adequate polymerization of the [Al(H2O)6
3+

] 

which indicated by the final solution becoming slightly white and opaque. Then to 
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the above semi-transparent solution, stoichiometry amount of LiNO3 to 

Al(NO3)∙9H2O (1:1 mole ratio of Li to Al) was added under stirring, then the proper 

amount of ammonia solution to maintain the  pH at about 3.3 was added. The sol of 

Lithia-Alumina is thus prepared for the second step reaction which in brief involves  

the addition of various silica sources at room temperature to form the sol of Lithia-

Alumina-Silica. Note that both the RH-HCl-Silica and RHA were thoroughly 

ground to increase the surface area of the silica before adding into the solution at the 

second step. For different stoichiometric composition of Li2O-Al2O3-SiO2, two 

series of sol, namely LAS-1 (Li2O-Al2O3-2SiO2) and LAS-2 (Li2O-Al2O3-4SiO2) 

were prepared for each source of silica. All the final sols were continuously heated 

at 80 °C under stirring to get the corresponding gel powder. The agglomerated gels 

were ground thoroughly and then were subjected to calcination in air at various 

temperatures, i.e., 400 °C, 600 °C, 800 °C, 1000 °C respectively in a box furnace for 

2 h to obtain the final LAS oxide powders. 

Scanning electron microscopy images were characterized on a LEO 1530 VP 

field emission scanning electron microscope (FE-SEM). The SEM samples were 

sputter coated with a thin layer (ca. 3 nm) of Au/Pd prior to imaging. X-ray 

diffraction (XRD) patterns were recorded using a Bruker D8 diffractometer with 

Bragg-Brentano θ-2θ geometry (40 kV and 30 mA), using a graphite 

monochromator with Cu Kα (λ=0.1540 nm) radiation. FT-IR spectra were collected 

using a Nicolet 730 FT-IR spectrometer. KBr was used to make the pellet of FTIR 

samples. 
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3.3. Results and Discussion 

LAS prepared from various sources of silica were characterized by XRD to study 

their crystallization behavior as a function of reaction temperature. XRD patterns of the 

LAS powders are shown in Figure 3.1 to Figure 3.3. Each Figure corresponds to two 

series samples (LAS-1 and LAS-2) made from fumed silica, RH-HCl-Silica, and RHA 

respectively. The calcination temperatures were individually at 400, 600, 800, and 1000 

°C. In Figure 3.1, it can be seen that at 400 °C, both the samples in LAS-1 and LAS-2 are 

in amorphous phase. The crystallization phase of β-eucryptite and β-spodumene start to 

appear at 600 °C. The peaks and base lines of samples made at 600, 800, and 1000 °C in 

Figure 3.1 are sharp and smooth, indicating the crystalline phase in those samples are 

dominant. 

For the sample series of LAS-1 and LAS-2 prepared from RH-HCl-Silica (Figure 

3.2), the overall crystallization behavior is similar to that in fumed silica series (Figure 

3.1). At 400 °C, both the samples in LAS-1 and LAS-2 are in amorphous phase. It can be 

seen that starting from 600 °C, the crystallization of both β-eucryptite and β-spodumene 

phases appeared. We noticed that, the base lines and peaks of both samples (LAS-1 and 

LAS-2) made at 600 °C is less smooth and sharp than that in Figure 3.1, which indicates 

that the degree of crystalline in RH-HCl-Silica series made at 600 °C is lower than that in 

fumed silica series made at 600 °C. However, the base lines and the peaks becomes 

similarly smooth and sharp starting from 800 °C to that of the corresponding 

temperatures in Figure 3.1, indicating that content of crystalline phase of samples made 

from RH-HCl-Silica becomes comparable to that of fumed silica series. 
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Figure 3.1 XRD patterns of LAS samples based on fumed silica at various temperatures; 2 hours 

calcination time at each temperature. βe: β-eucryptite; βs: β-spodumene. 
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Figure 3.2 XRD patterns of LAS samples based on silica from HCl treated rice husk. 2 hours 

calcination time at each temperature. βe: β-eucryptite; βs: β-spodumene. 
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Figure 3.3 XRD patterns of LAS samples based on silica from non-treated rice husk. 2 hours 

calcination time at each temperature. βe: β-eucryptite; βs: β-spodumene. 

 

For the sample series of LAS-1 and LAS-2 made from RHA (Figure 3.3), it is 

obvious that starting at 800 °C, the crystalline phase was developed according to the base 

line and peak shape of the spectra. At 400 and 600 °C, the amorphous phase appears to be 
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dominant. At 1000 °C, the base line of the XRD spectrum becomes flat and smooth, more 

characteristic peaks appeared and the intensity increased, indicating the crystalline phase 

became well developed. For all the samples made from the three sources of silica, LAS-2 

series (β-spodumene) appeared be better developed than that of LAS-1 ones according to 

the number of characteristic peaks and peak intensity formed at 1000 °C. 

From the discussion above, it can be concluded that the apparent reactivity of the 

three different sources of silica in the LAS synthesis decreased from the fumed silica to 

the silica from non-treated RH (RHA). RH-HCl-Silica is in the middle and its apparent 

reactivity is comparable to that of fumed silica. This conclusion is a little different from 

previous studies.
198, 252

 In those studies, it was observed that through the similar sol-gel 

method, even for fumed silica, at 600 °C, no crystalline phases were developed according 

to their XRD results.
198

 In their fumed silica series, the calcination time of the LAS 

synthesis was 1 h at each temperature. In this study the difference in calcinations time 

might be the reason why crystalline phases were not observed  starting at 600 °C even for 

fumed silica which supposed to have higher apparent reactivity in both investigations. 

When comparing with RHA, they found that the RHA based LAS synthesis only gives 

crystalline phase starting at 800 °C. The observation is consistent with our current study 

(see Figure 3.3). Moreover, in our current study, the silica from treated RH (RH-HCl-

Silica) was used for comparison together with fumed silica and RHA. And we have found 

that RH-HCl-Silica has higher apparent reactivity than that of RHA, and is comparable to 

that of fumed silica (see Figure 3.1 and 3.2). Both of the LAS samples made from fumed 

silica and RH-HCl-Silica begin to crystallize at 600 °C. 
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It has been studied that the high chemical reactivity of silica from RH is largely 

due to its high surface area and low crystallinity.
255

 This is easy to understand because the 

contact area between the reactants should be proportional to the reaction rate. The surface 

area of a reactant will directly affect the contact area between the reactants. On the other 

hand, the degree of crystallinity of a reactant would also affect the reactant’s reactivity. 

Crystallinity is closely related to activation energy of a reaction. For instance, the crystal 

lattice energy has to be overcome as the additional activation energy for a specific 

reaction to start. In our previous study, we found that silica from treated RH can have the 

surface area up to 280 m
2
/g, and silica from non-treated RH usually have the surface area 

around 2.1 m
2
/g.

12, 255
 Also, it has been shown that the silica from non-treated RH has 

higher degree of crystallinity (Figure 3.4). The different apparent reactivity from the three 

sources of silica in the LAS synthesis presumably has to do with their surface area and 

crystallinity. Figure 3.4 is the XRD pattern of the three silica sources. It can be seen that 

the fumed silica has the lowest crystallinity among the three and the RHA has the highest 

crystallinity. The crystallinity of the three different sources of silica is consistent with 

their apparent reactivity based on Figure 3.4. 

Regarding the difference in silica reactivity, it may also directly relate to its 

intrinsic structure. It has been discovered that, there are mainly three forms of silica exist 

in rice husk namely Q4 [*Si(OSi)4], Q3 [(OH)*Si(OSi)3], and Q2 [(OH)2*Si(OSi)2], all 

of which are different in form and affect crystallinity.
81

 In brief, an increase in the 

amount of the Q4 form of silica, increases the silica’s crystallinity, which is shown by 

NMR and XRD results in the same paper.
81

 That is to say, higher crystallinity of silica 

contains greater amounts of Q4 silica; and lower crystallinity of silica contains lesser 
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amounts of Q4 silica (more Q3 and Q2 consequently). Considering that in the synthesis 

of LAS powder (and other silica related chemical reactions), the Q4 form of silica would 

be much less reactive than that of Q3 and Q2 silica. Thus it is reasonable to say that for 

the silica from RH, the low crystallinity samples would contains lower amount of Q4 

silica (more Q3 and Q2 consequently) so the reactivity would be higher. On the contrary, 

the higher crystallinity silica from RH would contains higher amount of Q4 silica (less 

Q3 and Q2 consequently) so the reactivity would be lower, In this sense, based on Figure 

3.1 to 3.4, it can be concluded that there should be a relation between the silica 

crystallinity and their apparent reactivity. That is to say, the higher the crystallinity is, the 

lower the apparent reactivity would be. This could be confirmed by 
29

Si solid NMR 

results, but we did not investigate this claim due to instrumentation limitation. 

10 15 20 25 30 35 40 45 50 55 60 65 70

 RHA

 RH-HCl-Silica

 Fumed Silica

2 Theta

 

Figure 3.4 XRD patterns of RHA, RH-HCl-Silica, and fumed silica respectively. The pattern 

indicates that the degree of crystallinity increased from fumed silica, silica-RH-HCl, to RHA 

respectively. 
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Figure 3.5 FTIR spectra of LAS samples prepared from RHA at various temperatures. 

 

FTIR was conducted in order to investigate the structure change in the synthesis 

of LAS when calcined at different temperatures (Figure 3.5). FTIR was conducted using 

KBr pellets for RHA series as representative of the rest LAS samples. For both RHA 
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based LAS-1 and LAS-2 samples, there are strong broad bands between 1100-1000 cm
-1

. 

Notice that the band shifted to a lower wave number region with increase of the 

calcination temperature from 400 °C to 1000 °C. This was attributed to the higher 

substitution of AlO4 tetrahedra in SiO4 tetrahedra unit.
256

 Therefore, the characteristics 

band for Si-O-Si vibration changed to Si-O-Al
IV

 vibration with increase in temperatures. 

The results are consistent with earlier studies.
198, 257

 

The medium strong bands between 800 cm
-1

 and 950 cm
-1

 are attributed to the 

characteristic absorption bands for AlO6 octahedra with nonbridging oxygens.
252, 258

 This 

band can be found in both the samples LAS-1 and LAS-2 that were calcined at 400–800 

°C (Figure 3.5) while such bands were found missing in both the samples calcined at 

1000 °C. This could be explained that at higher temperatures, AlO6 octahedra changed to 

AlO4 tetrahedra structure.
198

 

The absorption between 720–780 cm
-1

 indicated the characteristic vibration of 

Al–O covalent bond in AlO4 tetrahedra
256, 259-260

 in β-eucryptite phase and β-spodumene 

phase of LAS-1 and LAS 2 respectively. The absorption band at around 675 cm
-1

 in LAS-

1 was the characteristic band for β-eucryptite.
258

 At around 420–480 cm
-1

, the absorption 

band found in all the spectra was the characteristic band of Si–O–Si bending vibration in 

SiO4 tetrahedra.
258-259

 The characteristic absorption bands of β-eucryptite were found at 

around 670–685 cm
-1

 for the sample LAS-1 and the band at 565 cm
-1

 was due to the 

presence of β-spodumene. For sample LAS-2 calcined at 800–1000 °C, the characteristic 

absorption bands of β-spodumene was observed at 552 cm
-1

 accompanying with the 

characteristic band of eucryptite at 685 cm
-1

 (Figure 3.5b). The strong bands at 3300 cm
-1

 

and 1640 cm
-1

 were attributed to hydroxyl group bending bands of water.
244

 The band at 
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1385 cm
-1

 was due to the characteristic band of NH4
+
 for ammonium nitrate. This band 

was attributed to fact that during the sol preparation, Ammonium hydroxide was used to 

adjust pH value of the sol.
261

 The above FTIR results are consistent with the 

crystallization results obtained from XRD characterization. 

The microstructure properties of LAS-2 samples prepared from different sources 

of silica at 1000 °C were characterized by SEM since the crystalline phase were relatively 

better developed according to the XRD spectra (Figure 3.1−3.3). The SEM results are 

shown in Figure 3.6−3.8. The SEM images showed that the β-spodumene powders (as 

observed from XRD) were cobble-stone like morphology with multiple particle size 

distribution. From the SEM images of Figure 3.6−3.8, no distinguishable morphologies 

were observed for the three β-spodumene samples. 

 

 

 
Figure 3.6 SEM image of LAS samples based on fumed silica. Sample (β-spodumene, 

Li2O•Al2O3•4SiO2) was prepared from calcination at 1000 °C for 2h. 
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Figure 3.7 SEM images of LAS sample based on RH-HCl-Silica. Sample (β-spodumene, 

Li2O•Al2O3•4SiO2) was prepared from calcination at 1000 °C for 2h. 

 

 

 

Figure 3.8 SEM images of LAS sample based on RHA. Sample (β-spodumene, 

Li2O•Al2O3•4SiO2) was prepared from calcination at 1000 °C for 2h. 
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3.4. Conclusions 

In this study, LAS glass-ceramic powders were successfully synthesized from 

three different sources of silica namely fumed silica, RH-HCl-Silica, and RHA 

respectively. It has been shown that silica from HCl treated RH can be a good substituent 

material for fumed silica, which is more expensive in the synthesis of LAS powders 

through sol-gel method. Based on XRD characterization, silica from HCl treated RHs 

shows similar reactivity as that of fumed silica in LAS samples synthesis. When the 

reaction temperature is equal or higher than 600 °C, both series (fumed silica and RH-

HCl-Silica) yield significant amounts of crystalline structure. On the contrary, RHA 

series shows the lowest reactivity among the three silica sources investigated in this 

study. For RHA series, LAS crystalline structure forms when temperature is higher than 

800 °C. The apparent reactivity of the three different sources of silica is dependent on 

their surface area and crystallinity. According to the discussion on the different forms 

(Q4, Q3, and Q2) that existed in the silica derived from RH, the reactivity of the different 

silica could also be related to their crystallinity characterized by XRD, i.e., the higher 

degree of silica crystallinity will presumably result in the lower reactivity in the LAS 

synthesis.
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CHAPTER 4  

Platinum Nanoparticles Supported by Nanostructured Silica Derived from Rice 

Husks for Heterogeneous Catalysis Applications 

4.1. Introduction 

Noble metal nanoparticles that are immobilized on a substrate to serve as catalyst 

have been intensively studied for decades.
262-265

 Researchers agree that the substrates of 

the noble metal nanoparticles play an important role in catalyst performance such as 

selectivity, stability, and activity.
266-268

 For choosing proper substrates, two properties 

should be considered. First, is the chemical and thermal stability of the substrate during 

the catalysis reaction; second, is whether or not the substrate can accommodate the guest 

noble metal nanoparticles enough to allow formation of well dispersed and easily 

accessible catalytically active sites.
265-266

 Various substrates for supporting noble metal 

nanoparticles, such as organic polymeric materials,
269

 inorganic materials,
266

 and 

organic/inorganic hybrid materials have been studied.
270

 Among the previously 

mentioned supporting substrates, nano sized silica appear to be a good candidate, due to 

its thermal and chemical stability, high surface area, easy tunability and low cost.
265, 271

  

Rice husk (RH) is a byproduct of rice milling. Currently, applications of RH have 

been very limited due to their tough nature and low nutritional value.
6-8

 Thus RH is often 

considered as a biowaste. So far the most common methods of RH disposal are open field 

burning,
9, 12

 which result in waste of energy, air pollution, and greenhouse gas emission. 

Therefore, a more economically benefiting and energy efficient use for RH is needed. 

RH is mainly composed of lignocellulose (72-85%) and silica (15-28%).
12

 

According to our previous research, through a simple treatment, RH can be easily 
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converted to high purity, amorphous, and porous silica.
30, 46

 Therefore, silica derived 

from RH has irregular morphology and rough surface. The surface area can be up to 280 

m
2
/g and the particles sizes can be around 50 nm. These properties make it a suitable 

substrate for novel metal nanoparticles based on the discussion above. In this study, our 

research goal is to utilize silica derived from acid treated RH which is thermally and 

chemically stable, has a rough surface and high surface area, amorphous and low cast to 

produce efficient catalysts for various chemical reactions. 

As mentioned above, silica has been used to support metal nanoparticles to 

prevent agglomeration of the nanoparticles and maintain a high surface area of the 

catalytically active sites. Without silica as a support, the nanoparticles aggregate, which 

decreases their effectiveness as a catalyst.
266

 So the ideal silica candidate should have a 

rough surface where the metal nanoparticles can settle well. Most silica in nature exists 

either in the form of quartz or quartz fragments (e.g. sand). Settling any type of metal 

nanoparticles on quartz would be difficult because of the perfect crystal structure of 

quartz, which results in very low specific surface areas on which a metal nanoparticle 

could stick. As a result, naturally occurring silica is not ideal for catalyst applications. A 

common method of producing silica nanoparticles in lab is through Stöber method using 

organosilane such as tetraethyl orthosilicate (TEOS).
272-273

 However, the silica 

nanoparticles produced from TEOS are nearly perfectly spheres with a smooth surface, 

which in theory would be less ideal as a support for a metal nanoparticle catalyst, since a 

smooth surface would be less accommodative than that of rough one. In contrast, the 

silica nanoparticles produced from RH are imperfectly shaped and have many crevices 

where the metal nanoparticles can settle. As a result, it is hypothesized that the silica 
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derived from RH will be more effective than the TEOS silica in terms of supporting 

metal nanoparticles. This hypothesis was later supported in this work through a model 

reaction of 4-nitrophenol reduced by sodium borohydride into 4-aminophenol. 

In order to use silica as a substrate for noble metal nanoparticles, one thing that 

needs to be considered is the relatively weak interaction between metal 

nanoparticles/metal precursor and silica surface, which makes it difficult to immobilize 

the metal nanoparticles on bare silica surface. Often the silica surface is functionalized 

with appropriate ligand, such as thiol, or amino group and then the guest noble metal 

nanoparticles get immobilized.
266, 274-275

 In this study, the silica was surface modified by a 

coupling agent (3-aminopropyl)triethoxysilane (APTES) to introduce amino group on the 

surface, and then the platinum nanoparticles will be grown on the surface. Platinum was 

selected because of its excellent performances exhibited in various reactions.
266

 It is 

worth mentioning that the platinum nanoparticles supported by nanostructured silica 

derived from rice husks for heterogeneous catalysis applications have not been previously 

reported. Confirmation of the hypotheses discussed above would increase the 

applications of rice husks. 

4.2. Experimental 

4.2.1. Materials & Methods 

The raw RHs used in this study were obtained from Three H’s LLC (Arkansas, 

USA). Concentrated hydrochloric acid (HCl, 37%), dihydrogen hexachloroplatinate(IV) 

hexahydrate (H2PtCl6·6H2O, 99.9%), 4-nitrophenol (4-Nph), sodium borohydride 

(NaBH4), tetraethyl orthosilicate (TEOS), absolute ethanol, and ammonium hydroxide 
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(28%) were purchased from VWR. (3-Aminopropyl)triethoxysilane (APTES) was 

obtained from Sigma-Aldrich. All of the above chemicals were used as received.  

4.2.2. Synthesis of silica from RH 

RH Silica was synthesized according to the procedures developed in our previous 

research.
30, 46

 In brief, RHs were first washed by deionized (DI) water to remove dirt and 

then dried in an oven at 90 °C overnight. The dried RHs were boiled in 5 wt % HCl 

solution for 2 hours followed by washing by DI water and drying in an oven at 90 °C 

overnight. RH silica was obtained by heating HCl-treated RHs in a box furnace at 700 °C 

for 2 hours in air. The yield silica was grinded in an agate mortar and pestle before 

surface modification. 

4.2.3. Synthesis of silica from tetraethyl tetraethyl orthosilicate (TEOS) 

As a control, another kind of silica nanoparticles were synthesized by hydrolysis 

of TEOS with aqueous ammonia, according to the reported Stöber method.
272-273

 In a 

typical synthesis, 2.9 mL of TEOS, 3.8 mL of ammonium hydroxide (28%), 80 mL of 

ethanol, and 1.4 mL DI water were mixed under stirring in a 200 mL flask for 10 hours at 

room temperature. The solution was then centrifuged to separate the yield silica 

nanoparticles from the rest chemical mixture. The silica nanoparticles were washed and 

separated in about 10 mL ethanol three times. After washing the silica was redispersed in 

7.5 mL of ethanol before surface modification. 

4.2.4. Surface modification of silica 

The silica prepared from RH and TEOS were both modified by (3-

aminopropyl)triethoxysilane (APTES) in order to introduce the amino functional groups 

on their surface. In a typical modification, 2.0 mL of APTES and 0.1g of RH silica (or 
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1.0 mL of TEOS silica dispersion prepared in previous step) were added into 10.0 mL of 

ethanol and stirred for 12 hours at room temperature. The resulting APTES-modified 

silica was washed by ethanol and separated by centrifugation three times. At last, the 

APTES-modified silica was dispersed in 9.0 mL DI water for future use.  

4.2.5. Synthesis of platinum nanoparticles (Pt-NPs) supported by silica 

The APTES-modified silica were used as a supporting material for Pt-NPs. In a 

typical synthesis, 800 μL of 0.1M H2PtCl6 water solution was added to the dispersions of 

modified silica prepared from the previous step from both RH and TEOS respectively. 

Both samples were stirred for 24 hours at room temperature. After 24 hours of stirring, 

the solutions were centrifuged one more time to remove the excessive H2PtCl6 and the 

separated silica was then redispersed in 9.0 mL DI water to which 1.0 mL of 50 mg/mL 

NaBH4 ethanol solutions were added (respectively). The mixture was stirred for another 

24 hours at room temperature. The Pt-NPs supported by RH silica and TEOS silica were 

obtained by collecting the silica through centrifugation. The final products were stored in 

10.0 mL DI water for future use. 

4.2.6. Characterization 

Transmission electron microscopy (TEM) images were taken on a JEOL 1200 

EXII. Samples were prepared by depositing a drop of dispersion of nanoparticles on a 

copper grid. Scanning electron microscopy (SEM) images were acquired on a Leo 1530 

VP field emission scanning electron microscope (FE-SEM). All Samples were sputter 

coated with a thin layer (ca. 3 nm) of Au/Pd prior to SEM imaging. X-ray diffraction 

(XRD) patterns were recorded using a Bruker D8 diffractometer with Bragg-Brentano 
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θ−2θ geometry (40 kV and 30 mA), using a graphite monochromator with Cu Kα 

(λ=0.1540 nm) radiation. 

4.2.7. Catalytic reaction of reduction of 4-Nitrophenol 

The reduction of 4-Nph by NaBH4 was chosen as a model reaction and UV-Vis 

was used to test the catalytic activity of the Pt-NP since this reaction has been previously 

studied and the UV behavior of the reaction has been well established.
269, 276-281

 In a 

typical reaction formula, 51.0 mg of NaBH4 dissolved in 3.3 mL DI water were added 

into 23 mL of 0.12 mmol/L 4-Nph solution. After mixing, the given amount of catalysts 

was added to facilitate the reaction. UV-Vis spectra were recorded at 1 min intervals to 

monitor the kinetic of the reaction. The absorption spectra of the solution were measured 

at the range of 250-550 nm. The rate constants of the reduction process were determined 

through measuring the change in absorbance at 400 nm as a function of time. The 

reaction process could also be conveniently visually observed as the 4-nitrophenol will 

slowly change color from bright yellow to colorless as the reaction goes on. In the 

absence of the catalyst, this reaction takes several hours or even days, but the reaction can 

be completed within a few minutes by using this catalyst. At the end of the reaction, the 

catalyst can be recovered for repeated use by centrifuging the reaction mixture. 

4.3. Results and Discussion  

Scheme 4.1 shows the overall procedure for the fabrication of the Pt-NPs 

supported by RH silica. The detailed procedures were described in the experimental 

section. Briefly, silica nanoparticles were prepared by calcining HCl treated RHs. Then 

the silica was surface modified by APTES to introduce amino group in order to improve 

the interactions between the metal precursors and the surface of RH silica. The silica-NH2 
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functionality exhibits good capability not only for adsorption of platinum precursor 

H2PtCl6 onto the silica surface but also for immobilization of small Pt-NPs later on 

yielded. The surface modified RH silica was impregnated in the solution of platinum 

precursor H2PtCl6, followed by reduction by NaBH4. Thus Pt-NPs supported by RH silica 

was prepared. 

 

 

 
Scheme 4.1 Schematic illustration of synthetic procedure of Pt-NPs. Silica derived from RHs was 

used as substrate. 

 

Silica nanoparticles and Pt-NPs supported by RH silica and TEOS silica were 

observed under the SEM and TEM. From the SEM images, it was easy to observe that the 

TEOS silica particles were uniform and spherical (Figure 4.1). In contrast, the RH silica 

particles were very randomly configured and lacked uniformity. This is consistent with 

our previous observations that RH silica particles were rough and had an irregular shape. 

These “perfect” TEOS silica particles are similar to that of other literature.
265, 276

 The 
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images from the TEM also showed that the RH silica particles possessed very irregular 

geometries (Figure 4.2), and the TEOS silica particles were spherical and have a smooth 

surface (Figure 4.3). TEM images also showed that the platinum nanoparticles had grown 

on the silica (Figure 4.2, 4.3). Platinum is identified as small darker dots at 1-2 nm in 

diameter when viewed under the TEM. On images of the platinum catalyst supported on 

RH silica (Figure 4.2), many small dots with a diameter of 1-2 nm were individually 

present on the rough and irregular shape of the RH silica. That is to say, Pt-NPs are 

homogeneously distributed on the silica surface derived from RH. However, on the 

images of platinum catalyst supported on TEOS silica, less platinum particles were able 

to be clearly identified (Figure 4.3). Therefore, the platinum particles settled better on the 

RH-silica surface, due to the Pt-NPs morphological quality of TEOS and RH silica 

(Figure 4.2−4.3). 

 

 

 
Figure 4.1 SEM images of TEOS silica (left) and silica from HCl treated RHs (right). 
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Figure 4.2 TEM image of Pt-NPs catalyst supported by APTES modified RH silica. 

 

 

Figure 4.3 TEM image of Pt-NPs catalyst supported by APTES modified TEOS silica. 
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4.3.1. Reduction of 4-Nitrophenol (4-Nph) with sodium borohydride 

Pt-NPs supported by RH and TEOS silica were tested as a catalyst for the 

reduction of 4-Nph by reducing agent NaBH4. As shown in (Figure 4.4), an aqueous 

solution of 4-nitrophenol has a maximum absorption at 317 nm. The peak shifted 

immediately from 317 nm to 400 nm upon addition of NaBH4, indicating the formation 

of 4-nitrophenolate ions.
279-281

 This peak remains unaltered for hours without the present 

of the catalyst, which suggests that the reduction proceeds very slow in the absence of 

catalyst as reported in the literature.
277-281

 After addition of Pt-NPs supported by RH 

silica, the absorption intensity of 4-Nph at 400 nm decreases gradually over time, 

meanwhile a new peak appears at ca. 300 nm, which is attributed to the absorption of 4-

aminophenol (4-Aph) (Figure 4.5). Since the concentration of NaBH4 added in the system 

is much higher (more than 22 equivalent times higher) than that of 4-nitrophenol, and it 

remains constant during the reaction, it is reasonable that the reduction rate can be 

assumed to be independent of NaBH4 concentration. Thus, pseudo-first-order kinetics 

were used to evaluate the kinetic reaction rate of the current catalytic reaction. The ratio 

of Ct and C0 was determined by the relative intensity of each absorbance At/A0. Here Ct 

and C0 are 4-nitrophenol concentrations at time t and 0, respectively; At and A0 represent 

the absorbance at the time t and 0 of 4-nitrophenolate ion. Under above assumption and 

according to Arrhenius equation (not shown here), if the reaction temperature is kept the 

same, the plot of ln(Ct/C0) vs. t (time) should be linear for pseudo-first-order kinetics. As 

expected, the linear relationships between and reaction time are observed, as shown in 

Figure 4.6. The rate constant (k) was estimated by using the slopes of straight lines 
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(Table 4.1). The rate constants observed in this work are similar to  previously reported 

constants which are usually between 10
-3

 s
-1

 to 10
-4

 s
-1

.
278, 280-281

 

The effect of the amount of catalyst on the rate of the reaction was also 

investigated. As shown in Figure 4.6, the reduction of 4-nitrophenol exhibits a faster rate 

with an increasing amount of catalyst used. The rate constant increases linearly with the 

amount of catalyst, which is consistent to the results reported in the literature.
278, 281

  

The reduction reaction can also be visualized by the color change of the solution. 

In order to compare the catalytic performance of RH silica and TEOS silica supported Pt-

NPs catalyst, a simple demonstration has been conducted as the following: two 

disposable plastic cuvettes were each filled with 3.0 mL of 50 mg/mL sodium 

borohydride and 0.1 mL 0.01 M 4-nitrophenol, which was sufficient to show the 

distinctive bright yellow color. Then 0.1 mL of Pt-NPs catalyst supported by TEOS silica 

was added to one cuvette, while 0.1 mL of Pt-NPs catalyst supported by RH silica was 

added to the other. Pictures of both cuvettes were taken at time 0, 5, 10, and 15 min. 

From the images, it was easy to see that the reduction of 4-nitrophenol occurred much 

faster in the cuvette with Pt-NPs catalyst supported by RH silica, while the cuvette with 

Pt-NPs catalyst supported by TEOS silica showed slower change in color (Figures 4.7). 

This observation is consistent with the hypothesis that the silica derived from RH will be 

more effective than the TEOS silica in terms of accommodating metal nanoparticles. 
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Figure 4.4 UV-Vis spectra for 4-nitrophenol in aqueous solution (left curve). The right curve was 

4-nitrophenol mixed with NaBH4 solution.278 
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Figure 4.5 UV-Vis spectra of 4-nitrophenol and NaBH4 mixture after adding Pt-NPs. 
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Figure 4.6 Ln(Ct/C0) vs. time for the reduction of 4-nitrophenol. Curves corresponding different 

amount of added Pt-NPs catalyst. 

 

Table 4.1 Rate constant of the reduction reaction calculated from Figure 4.6. 

Catalyst amount(mg) 0.02 0.04 0.06 0.08 

Rate constant (s
-1

) 5.8x10
-4

 1.3x10
-3

 2.2x10
-3

 3.7x10
-3
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Figure 4.7 Reduction of 4-nitrophenol by NaBH4, with Pt catalyst. TEOS silica and RH silica as 

Pt-NP substrate respectively; 0.06 mg Pt-NPs catalyst was used. 

 

High resolution transmission electron microscopy (HRTEM) studies were 

conducted to further investigate the structure of the Pt-NPs catalyst supported on RH 

silica (Figure 4.8). HRTEM clearly shows that the Pt-NPs have been attached on the 

silica surface. Based on the image, a lattice constant was calculated. The results are 

consistent with that of platinum theoretical lattice constants. 

Electron diffraction pattern of Pt catalyst supported with APTES modified RH 

silica was shown in Figure 4.9. The pattern shows that the majority of the matter is not 

crystalline phase. The Pt-NPs themselves remained their nature crystal property. XRD 

pattern (Figure 4.10) of the Pt-NPs supported by silica derived from RHs showed that 

after the attachment of Pt-NPs on the silica surface, the majority of the material is still in 

amorphous phase, which indicating that the metal portion was very low relative to the 

amorphous silica. 
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Figure 4.8 HR-TEM image of Pt-NPs catalyst. The Pt-NPs were supported by APTES modified 

RH silica. 

 

 

 
Figure 4.9 Electron diffraction pattern of Pt-NPs catalyst. The Pt-NPs were supported by APTES 

modified RH silica. 
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Figure 4.10 XRD patterns of the RH silica and RH silica supported Pt-NPs. Pt-NPs-Silica-2 has 

higher concentration of metal precursor (H2PtCl6) than Pt-NPs-Silica-1 in Pt-NPs preparing 

reaction. 

 

4.4. Conclusions 

In this study, Platinum nanoparticles (Pt-NPs) were attached on the surface of 

silica derived from HCl treated RHs by a facile method. The thus synthesized Pt-NPs 

have relatively narrow particles size distribution. The Pt-NPs size are about 2-5 nm range 

according to HRTEM image. The prepared RH silica supported Pt-NPs showed excellent 

catalytic performance in the reduction of 4-nitrophenol, which is much more effective 

than Pt-NPs supported on TEOS silica in the model reaction. It seems the modification of 

silica surface using APTES helped in the synthesis of Pt-NPs on RH silica surface. The 

work that we completed has made important advancements in the study for the use of rice 

husks, and may create a new field in the development of Pt-NPs heterogeneous catalysts 

by using RH silica as a support. 
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In brief, our work has clearly demonstrated that rice husks, a biowaste, can have 

unique applications in catalysis and replace expensive silica nanoparticles derived from 

TEOS. Such a process would allow us to convert a waste into a valuable material at a 

very low cost. 
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CHAPTER 5  

Photoluminescent Silica Derived from Rice Husk Biomass 

5.1. Introduction 

In the past decades, silica based photoluminescent materials have inspired 

tremendous research efforts.
282-283

 Silica based luminescent materials have widespread 

applications such as use in bioanalytical assays, labeling, chemical sensing, lighting, and 

drug delivery etc.
282-285

 Sailor et al  pioneered work in defect-related silica luminescent 

materials and their mechanisms.
286

 The majority of luminescent silica materials have 

been chemically synthesized from alkoxysilanes.
283

 Typically, metal activators or dyes 

are involved during the synthesis of luminescent silica as fluorescence sites.
282

 Recently, 

fluorescent silica derived from rice husk (RH) has drawn some attention, because it can 

potentially be used as a sustainable, renewable energy source.
287-289

 The fluorescent silica 

emits white photoluminescence (PL) under UV light irradiation at room temperature 

(RT). Such materials could be used as metal-free fluorescent materials, which have the 

advantage of being environmentally benign, chemically inert, and thermally stable, 

because they are essentially just silica networks.
287-291

 

Rice husks are considered a biowaste of rice production. Globally, millions of 

tons of rice husk are produced every year.
207

 Evidently the applications of RH have been 

very limited due to their tough nature and low nutritional value.
7-8

 The most common 

disposal method so far is still open filed burning according to the study did by Manan et 

al.
9
 The open field burning inevitably results in waste of energy, air pollution, and 

greenhouse gas emission.
12

 If utilized properly, RH could be a good candidate of 

feedstock for silica based materials because of its high silica content (15−28 wt %) and 
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large availability.
12, 207

 It is of great economical and environmental importance to find 

more beneficial and energy efficient uses for RHs. The development of carbon-

incorporated luminescent silica from RH utilized both the silica and the carbon 

component. This direct method of preparing luminescent silica has the advantage of a 

simpler and faster procedure, and being free of toxic chemicals, when compared to the 

chemical method of preparing luminescent silica based materials. 

Ishikawa et al. reported that white PL silica can be derived from thermally treated 

rice husk.
287-291

 They found that the silica prepared from rice husk emitted strong white 

PL at RT under UV light irradiation. The PL spectrum of the luminescent silica derived 

from RH covers the entire visible wavelength range, and the PL curve shape is similar to 

that of sunlight. The PL spectrum is continuous with no separate sharp peaks on the 

curve. The rice husk used in their study had no pretreatment by any means. Several types 

of mineral impurities exist within silica; thus, the PL property of silica derived from RH 

may be affected, which complicated subsequent investigations and arguments in their 

reports.  

To address this issue, we conducted a similar study, in which silica was prepared 

from RH. A series of silica samples were prepared from hydrochloric acid (5 wt %) 

pretreatment rice husk at the temperature of 550 °C for 2 hours in various flow rate of air. 

The study was intended to provide a better understanding of the mechanisms of the 

fluorescent silica derived from HCl treated rice husk. Microstructure, crystallinity, 

composition, and bonding state of the samples were investigated and characterized by 

various instruments. We observed a new phenomenon which is that on the PL spectra of 

the silica derived from acid treated RH, several prominent sharp peaks appeared which 
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presumably correspond to different defects structure in silica. The defect structures could 

be carbon substitutional defect,
286

 oxygen deficiencies,
292

 radical carbonyl defects,
292

 

chemical bond cleavage and resultant carbon formation etc.
293

 That is to say, in silica 

derived from acid treated RH, contain more than one type of defect structures which are 

responsible for its overall luminescent property. 

Overall, carbon-incorporated silica which is derived from rich husks is very likely 

to be a promising metal-free, low cost, and safe fluorescent material. Therefore, it is 

highly desirable to gain a better understanding the structure property relationship of the 

silica from RH to achieve optimal photoluminescence. 

5.2. Experimental 

The RHs used in this study were obtained from Three H’s LLC (Arkansas, USA). 

Hydrochloric acid (37 wt %), phosphoric acid (85%), sodium dodecyl sulfate (SDS) were 

purchased from VWR and used as received. 

The thermal treatment of rice husk involves two processes: pretreatment by 

hydrochloric acid and calcination in MTI OTF-1200X-III three zone tube furnace. An 

alumina crucible was used as the container during the thermal treatment. Typically the 

water-rinsed (to remove adhering soil and dust) rice husk, was mixed with a hydrochloric 

acid solution (5 wt %) and boiled for 2 hours to remove mineral impurities.Then, rice 

husks were dried at 90 °C for 24h and rinsed with deionized water 3 times. While in the 

calcination process, pretreated and dried rice husks were heated at 550 °C for 2 hours. 

The temperature raising rate was set to 10K/min until the temperature reached 550 °C, 

which is the best temperature for preparing fluorescence silica from RH according to our 

previous studies. The acid treatment was applied because of the concerns of the 
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possibility that PL may be influenced by the impurities such as K, Ca, S, Fe, Mn etc 

metal elements.
49, 288

 In the meanwhile, acid treatment could help to preserve the 

amorphous feature of the silica in RH which means no silica phase transitions will 

happen. Different air flow was used, because the carbon residue in silica can be greatly 

affected by the calcination atmosphere.
46

 Therefore, we collected various samples that 

contains different amount of carbon residues. Beside the air flow applied, the position of 

the crucible in tube would also affect the quality of silica product (Figure 5.1). Through 

practice, the air flow rate and the crucible position were carefully adjusted so that RH 

silica with different levels of carbon residue content could be prepared in a repeatable and 

controllable manner. Using this method, enough RH silica was collected for multiple 

preparations of PL silica. Due to the tube diameter limitation, only a small amount of RH 

silica can be made each time for one sample. Besides the tube furnace, a box furnace was 

also used to prepare luminescent silica samples. 

PL measurements were performed at 365 nm UV light excitation at room 

temperature. The microstructural properties and compositions of samples were observed 

on a LEO 1530 VP field emission scanning electron microscope (FE-SEM) equipped 

with Energy-dispersive spectroscopy (EDS). X-ray diffraction (XRD) were recorded 

using a Bruker D8 diffractometer with Bragg-Brentano θ-2θ geometry (40 kV and 30 

mA), using a graphite monochromator with Cu Kα (λ=0.1540 nm) radiation. The bonding 

state was estimated by X-ray photoelectron spectroscopy (XPS). 

5.3. Results and Discussion 

In order to investigate how carbon content is affecting the PL property of the 

silica from RH. A series of silica samples that contain different levels of carbon are 
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desired. Considering that oxygen content during the thermal treatment of RH could 

greatly affect the silica appearance, more specifically the unburned carbon residue in 

silica, we carefully designed a method that produced  a series of silica samples that 

contain different levels of carbon residue which can be easily seen by the naked eye. This 

method is a combination of air flow rate and sample sitting position in the tube furnace 

during the treatment (Figure 5.1). Generally, the higher the air flow rate, the less carbon 

residue the sample will have. An exception is that, higher air flow will result in lower 

sample surface temperature, so it is possible that with a lower air flow rate, the sample 

carbon residue level is lower than that of higher rate air flow due to the latter will bring 

down the sample actual temperature, thus affected the calcination process. Another 

general rule about the sample preparation is that the further the sample sits from the air 

source, the greater the amount of carbon residue will be in the sample. 

 

 

 
Figure 5.1 Silica samples preparation set-up under different air flow. Upper image is showing 

loaded RH sitting in the furnace; lower one is showing the appearance of the silica product after 

thermal treatment. Note that the sample which is further from the air source in the tube appears 

darker from higher carbon residue content. 
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Figure 5.2 to 5.6 presented the visual appearance of various samples under day 

light and UV light (365 nm) irradiation. Based on Figure 5.2 to 5.6 observations, it seems 

that the apparent fluorescence intensities under UV (365) mainly have to do with their 

carbon residue content in the silica samples, since except carbon residue, other impurities 

would have little difference in all the silica samples because the acid pretreatment could 

remove most of the mineral impurities in RHs.
30, 46

 For instance, in Figure 5.2, all the 

samples were calcined in the batch same condition in a box furnace. According to the 

amount of the starting RHs, it can be roughly estimated that increasing the amount of 

starting RH will increase the carbon residue in the sample, given the assumption that the 

air is static during the calcination. The final product appearance verified the above 

estimation. In Figure 5.2, upper row showing that the 4g RH silica is darker than the 1g 

RH silica, indicating 4g RHs silica contains higher carbon residue. While under UV (365 

nm), it clearly showed that 4g RH silica gives the highest fluorescence intensity, and the 

rest fluorescence intensity goes 3g>2g>1g. In Figure 5.3 and 5.4, the starting RHs 

amounts were all set to be 1 g. All the sample were put in furnace at the sample time at 

550 °C, then the individual crucibles were taken out at a preset time. We predicted that 

the longer the calcination time, the lower the carbon residue. The final product 

appearance in Figure 5.3 and 5.4 were consistent with the prediction. In Figure 5.3, the 

apparent fluorescence intensity of each RH silica goes 0.5h<1.0h<1.5h<2.0h. In Figure 

5.4, the apparent fluorescence intensity of each RH silica goes 2.0h>2.5h>3.0h>3.5h. 

Based on Figure 5.2, 5.3 and 5.4, we concluded that too much  or too little carbon residue 

content in RH silica will both decrease the sample fluorescence intensity. There should be 
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an optimized carbon residue level in RH silica under which the RH silica will give the 

strongest fluorescence intensity. 

 

 

Figure 5.2 Silica prepared from acid treated RH at 550 °C for 6h in box furnace. Starting RH 

loading from left to right: 4g, 3g, 2g, 1g; Upper row was showing the appearance of silica product 

under day light; lower row was showing the apparent fluorescence intensity under UV (365 nm) 

The red color was from the crucibles. 

 

 

 
Figure 5.3 Silica prepared from acid treated RH at 550 °C in box furnace. Each crucible had 1g 

starting RH; calcination time from left to right, 2.0 h, 1.5 h, 1.0 h, 0.5 h; upper row was showing 

the appearance of silica product under day light; lower row was showing the apparent 

fluorescence intensity with UV (365 nm) The red color was from the crucibles. 
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Figure 5.4 Silica prepared from acid treated RH at 550 °C in the box furnace. Each crucible had 

1g of RH; calcination time from left to right, 2 h, 2.5 h, 3 h, 3.5 h; upper row shows the 

appearance of the silica product under day light; lower row shows the apparent fluorescence 

intensity with UV (365 nm) The red color was from the crucibles. 

 

Figure 5.5 Silica prepared from acid treated RH at 550 °C in tube furnace. Middle row showing 

the PL properties of RH silicas with 365 nm UV; bottom row was with 254 nm UV. 
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Note that the samples in Figure 5.5 were prepared in a tube furnace so that the air 

flow rate can be carefully tuned to have the carbon residue content in final RH silica to be 

reliable between different batches of operation. The other conditions like starting RH 

amount, calcination temperature and time are same to all samples in Figure 5.5. As 

shown in the photo, the six samples appear gradually darker from left to right indicating a 

gradually increase of the carbon residue levels. In order to make the discussion easy to 

follow, those samples were labeled at RH-Silica-C1 to RH-Silica-C6. The code C1 refers 

to the least carbon residue content sample, it appears to be the whitest sample (the most 

left RH silica in the top row Figure 5.5). The code C6 refers to the highest carbon residue 

content sample and corresponding to the darkest RH silica (the sample farthest to the 

right in the top row of Figure 5.5). Figure 5.5 shows that all samples emit a similar 

intensity light when excited under 254 nm UV (bottom row). The fluorescence was much 

stronger under 365 nm UV (middle row). The PL properties were quantitatively 

measured by PL spectrometer for RH-Silica-C1 to RH-Silica-C6 samples (Figure 5.7). 

Figure 5.7 shows that the fluorescence intensity under UV (365 nm) is decreasing 

with the increasing of carbon residue content (in a sequence of RH-Silica-C1 to RH-

Silica-C6). Another feature of the PL spectra curves are the small prominent sharp peaks 

located at 400 nm, 500 nm, 600 nm, and 700 nm respectively. This feature may indicate 

that in RH silica, there are different types of structures (centers and defects).
283, 286, 289, 294-

295
 This is to say, more than one type of defect or mechanism might exist simultaneously 

in the RH silica. Multiple defects or mechanisms that co-exist can be regarded as intrinsic 

features that only exist in RH silicas. Also, it is possible that this feature also has to do 
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with the RH types itself. This phenomenon has never been reported before to our 

knowledge. 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique that can measure elemental composition, empirical formula, 

chemical state, and electronic state of an element that exists in a material. For better 

understanding of the fluorescence mechanism, XPS measurements focusing on carbon 

elements are needed. The XPS tests are being collected by one of our collaborators in 

Shanghai, China. XRD results shows there are little differences among this series of 

samples, i.e., all the samples are amorphous silica, and the degree of crystallinity is 

similar, see Figure 5.8. 

During the investigation of this work, two side experiments were carried out to 

explore the PL properties of different RH silicas. First, we found the PL intensity of RH 

silica was significantly enhanced after used H3PO4 to soak HCl treated RH for 24 h 

before preparing the RH silica (Figure 5.6). Second, we found the PL intensity of RH 

silica was enhanced by simply mixing RH silica with a small amount of SDS (16 wt %) 

in aqueous dispersion and then dried (data not shown here). This is very interesting since 

they may indicate new mechanisms that have never been report before either. We did not 

further investigate this trend, due to the time frame of this study.  
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Figure 5.6 Silica prepared from HCl and  H3PO4 treated RH at 550 °C. Calcination time was 2 h; 

from left to right, each 1g HCl treated RH was soaked by 8 M, 0.8M, 0.08M, 0 M H3PO4 for 24 h; 

Upper row shows the appearance of silica product under day light; lower row shows the apparent 

fluorescence intensity with UV (365 nm) The red color was from the crucibles. 
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Figure 5.7 PL spectra of silica prepared from acid treated RH in a tube furnace. Samples were 

calcined at 550 °C for 2 h. 
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Figure 5.8 XRD pattern of the silica prepared from acid treated RH in a tube furnace. Samples 

were calcined at 550 °C for 2 h. 

 

More studies showed that the position of the prominent sharp discrete peaks on 

RH silica PL spectra shift as a function of excitation wavelength. Figure 5.9 and 5.10 

clearly showed that when the excitation wavelengths increase, the small peaks at 

emission PL spectra shift to higher wavelengths. More experiments are needed to fully 

understand this phenomenon. 

Figure 5.11 includes more PL spectra results showing that the carbon residue 

content are relating to the PL intensity. The letters A, B, and C in sample id indicate their 

position in tube furnace, i.e., A, B, C corresponding to the three samples in Figure 5.1 

bottom image, from left to right. The numbers in sample id indicate the air (or nitrogen) 

flow rate, and the letter N means thermal treated in nitrogen. For example, A50 means 

sample A was made under 50 ml/min air flow rate. A50N means the sample A50 was 

thermal treated again in nitrogen under 50 ml/min flow rate. From Figure 5.11, it can be 
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concluded that after the RH silica sample is prepared, further thermal treatment with 

nitrogen did not change the PL properties of those silicas significantly. 

SEM images are shown in Figure 5.12 for three RH silica samples prepared from 

acid treated RHs under different conditions. No substantial morphology difference was 

observed among the three fluorescent RH silica samples. The particles sizes are in the 

range of 50 nm to 400 nm. 

 

Figure 5.9 PL spectra of silica prepared from acid treated RH. Samples were calcined at 550 °C 

for 6 h in a tube furnace. 
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Figure 5.10 PL spectra of silica prepared from acid treated RH. Samples were calcined at 550 °C 

for 6 h in a tube furnace. 
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Figure 5.11 PL spectra of silica derived from HCl treated RHs. Left column, silica derived at 

different air flow; right column is treated with nitrogen atmosphere after the silica preparation. 

Note: The meaning of samples id is defined at page 123. 
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a) SEM image of RH-700-2 silica 

 

b) SEM image of RH-Silica-C1 



126 

 

 

 

c) SEM image of RH-Silica-C6 

Figure 5.12 SEM images of various RH silicas prepared from acid treated RHs. 

 

5.4. Conclusion 

Photoluminescent silica derived from HCl treated rice husks has been prepared at 

various conditions. The Photoluminescence properties of the silica were investigated by 

PL spectrometer, XRD, and SEM. XPS and elemental analysis are being collected by one 

of our collaborator in Shanghai, China. The intensities of some of the specific samples 

were strong enough to be viewed by naked eye in daylight under 365 nm UV light 

excitation at room temperature. More than one mechanism for PL (centers or defective 

structures) in this strained carbon doped silica network exists according to the 

characterization results in this study. It is believed that the PL correlates with the strained 



127 

 

silica that changes the energy gap and could cause the PL shift from the UV-blue range to 

the visible range.  

Our study may provide rice husk with another promising application: being a raw 

photoluminescence material. The photoluminescent silica could be applied for wall 

materials, cosmetics, and tooth bleaching, because the silica is a low-cost and stable 

material and contains no toxic materials. More studies are needed to better understand the 

structure properties relationship of the luminescent silica derived from acid treated RHs. 
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CHAPTER 6  

Ceramic Pigment Synthesis Based on Silica Derived from Rice Husk 

6.1. Introduction 

The global milled rice production in 2012 is estimated to be 489.1 million tons 

(>700 million tons for paddy rice).
207

 As a byproduct of rice milling, there was ca. 160 

million tons of RH was generated solely from the production of paddy rice in 2012. 

Evidently the applications of RH have been extremely limited due to their tough structure 

and low nutritional value.
7-8

 The most common disposal method so far is open field 

burning, according the study by Manan and coworkers.
9
 Open field burning of RH results 

in waste of energy, air pollution, and greenhouse gas emission.
12

 RH could be a suitable 

candidate of feedstock for silica based materials because of its high silica content (15−28 

wt %) and large availability.
12, 207

 There have been reports on utilizing and converting RH 

biomass into useful materials. Wang et al. harvested high purity and amorphous silica 

through the calcination of acid treated RH under various conditions.
30, 46

 Sun and 

coworkers studied the comprehensive utilization of RH by extracting lignocellulose from 

RH by Ionic liquid (IL) and preparing high quality silica from the RH residue after IL 

extrication.
12

 

Ceramic pigments are important industrial materials that can be used to introduce 

color into ceramic materials and glazes. Both natural and synthetic pigments are 

manufactured and marketed to be used as a colorant in decorative and protective coatings. 

Generally pigment powders used for coloring ceramics require thermal and chemical 

stability at high temperature and must be inert to molten glass etc.
296

 In order to reduce 

the cost of pigment production, research efforts have been conducted and new 
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technology, such as rotative furnaces, and new raw materials have been discovered.
296-297

 

A lot of industrial wastes were also evaluated by researchers to be used as raw materials 

to prepare ceramic pigments, such as the metal-ions containing sludge, chromium-rich 

tannery waste, and titania-rich slag etc.
298-300

 The utilization of those waste materials 

satisfied the sustainable development and environmental demand which is becoming 

increasingly important.
296

 Besides industrial waste, Bondioli et al. utilized agro-waste to 

prepare ceramic pigment.
301

 Rice husk ash (RHA), which is a byproduct of calcination of 

non-treated RH, is utilized as the silica precursor in order to prepared yellow Pr-ZrSiO4 

pigment. Inspired by Bondioli’s pioneer work, various ceramic pigments have been 

prepared by using RHA as a silica precursor, such as vanadium doped ZrSiO4 (blue and 

green),
197

 Praseodymium doped ZrSiO4 (yellow),
302

 iron doped ZrSiO4 (red/coral),
296

 

and Ca3Cr2Si3O12 (victoria green)
303

 ceramic pigments. However, each of the three 

groups listed above were using RHA instead of silica from acid treated RH as precursor 

to prepare ceramic pigments. No other work has used this method, since the five papers 

published by three different groups. It is worth mentioning that silica derived from acid 

treated RH has never been used in the ceramic pigment preparation so far. 

There are issues associated with using RHA as a silica precursor in ceramic 

pigment preparation. The most important issue is that the final pigment prepared from 

RHA, can have unexpected color (details see session 6.3). Due to the lack of 

pretreatment, the quality of RHA is always low in terms of appearance and purity. RHA 

usually appears grey, because it contains carbon residue. The pigment color will be 

affected by the grey color of RHA or by impurities in RHA. RH silica quality has been 

intensively discussed in our previous works.
30, 46

 Due to the partial crystallization of 
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RHA, there is little to no advantage of having larger surface area and reducing the energy 

consumption in pigment production compared to natural silica. In order to address this 

issue, the following experiment was conducted. 

The high purity, amorphous silica derived from acid treated RH has a wider range 

of application than the crystalline quartz in naturally occurring silica.
13

 In chapter three 

we discussed that amorphous silica has a similar reactivity to that of fumed silica and can 

be an ideal substituent for fumed silica in lithium aluminum silicate synthesis. Therefore, 

it is also worth trying to use silica derived from acid treated RH in the synthesis of 

ceramic pigments. Our goal is to determine whether there are substantial advantages to 

using silica from acid treated RH in pigment synthesis. As the control, quartz silica and 

fumed silica were used in this study. To our knowledge, this is the first attempt to use the 

silica derived from acid treated RH in ceramic pigment preparation. 

Three zirconia silicate based pigment (total four colors) were prepared in this 

studied, because they were first commercially introduced and they are the most classical 

and widely used ceramic pigments since their discovery in 1960s.
197, 304

  

6.2. Experimental 

Zirconium (IV) oxide (ZrO2), vanadium(V) oxide (V2O5, 98+%), sodium fluoride 

(NaF, 99%), sodium chloride (NaCl), praseodymium (III,IV) oxide (Pr6O11), silicon(IV) 

oxide (SiO2, 99.5%) in crystalline form, hydrochloric acid (37 wt %) were all purchased 

from VWR and used as received. Fumed silica was obtained from Evonik Industries 

Corp. (Aerosil○R 155). 

Silica from acid treated RH was prepared according to the procedure descried in 

our previous work.
30, 46

 DI water rinsed RH was  dried in an oven at 90 °C for 24 hours 
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and then refluxed in a round bottom flask with 5 wt % hydrochloride acid solution for 2 

hours. Then, the acid treat RH was rinsed with DI water and dried at 90 °C in oven. The 

silica was derived from calcination of the dried acid treated RH in a box furnace in static 

air at 700 °C for 2h. The silica yield by this method had very high purity, which was up 

to 99.80% pure.
12

 

Ceramic pigments were produced by following established formula in the 

literature
197, 301, 305

 and were concluded in Table 6.1 and 6.2. Table 6.1 applies to all of the 

color formulations. Table 6.2 applies to each color pigment formulation. After measuring 

proper amounts of chemicals, the raw reactants were mixed together with a small amount 

of acetone (1−2mL) and grinded thoroughly in an agate mortar and pestle. Next, the 

grinded pigment mixture was placed in a crucible with lid and placed in a box furnace for 

thermal treatment. Furnace temperature raising rate was set to be 10 °C/min. The 

calcination time was 5h for all samples. Calcination temperature was set to 1050 °C, 950 

°C, and 850 °C respectively in order to study the temperature effect on pigment 

formation. After calcination, the product was grinded and used for various 

characterizations. Fumed silica and crystalline quartz were also used as silica precursor as 

control groups to prepare ceramic pigments. 

X-ray diffraction (XRD) characterizations were recorded using a Bruker D8 

diffractometer with Bragg-Brentano θ-2θ geometry (40 kV and 30 mA), using a graphite 

monochromator with Cu Kα (λ=0.1540 nm) radiation. The microstructures properties and 

compositions of samples were observed on a LEO 1530 VP field emission scanning 

electron microscope (FE-SEM) ) equipped with energy-dispersive spectroscopy (EDS). 
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6.3. Results and Discussion 

Figure 6.1 shows an illustration of various ceramic pigment preparation processes. 

The photos on left side show the reactants mixture after grinding in agate mortar and 

pestle. The chemicals in the middle refer to the components in the formula. The photos 

on the right side show the ground pigment products. In this study, a total of four colors 

were prepared and studied which are yellow, blue, green, and red/coral as seen in Figure 

6.1 right side. 

 

 

Figure 6.1 Photo illustration of various ceramic pigment preparations. All the samples were 

calcined at 950 °C for 5h in a box furnace in static air; photos on the left side show the ground 

reactants mixture; the chemicals in the middle refer to the components in the formula; photos on 

the right side show the ground pigment products. 

 
Table 6.1 Pigment main components content. 

Chemical ZrO2 SiO2 

Weight (g) 0.3075 0.1800 

 

Table 6.2 Other components of the pigment according to each color. 

Color Green Blue Red Yellow 

Chemical V2O5 V2O5 NaF Fe2O3 NaCl Pr6O11 NaF NaCl 

weight (g) 0.01950 0.01950 0.0229 0.0500 0.0370 0.0410 0.0211 0.0370 
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Figure 6.2 shows the vanadium doped green pigments prepared from using RHA 

and RHS-700-2h as silica precursor respectively. It is shown that not only was the color 

of the reactant mixtures different, but the color of the final product pigments were 

different when using various silica precursors. Figure 6.2 and Figure 6.3 indicate that 

using RHA as starting material in pigment preparation, can results in an unexpected 

product color. Though unexpectedness is not necessarily a bad thing in research, it could 

be a disaster in the manufacturing of ceramic pigments. RHS-700-2 and RHA are 

essentially the same cost, but could results in completely different products (qualified vs. 

defect). 

Figure 6.3 shows the images of the actual samples of RHS-700-2 and RHA, (left) 

and pigments prepare from calcination at 1050 °C for 5h using RHA and RHS-700-2 as 

precursor. The middle four pigments supposed to be blue, red, yellow, and green which 

can be seen in the right image contains pigments started from RHS-700-2. Due to the 

quality of RHA, none of the four colors turned out as expected. 

Figure 6.4 shows images of the four color pigments prepared from calcination at 

1050 °C, 950 °C, 850 °C for 5 hours using RHS-700-2 silica precursor. The best color 

quality was developed when the reaction temperature was 1050 °C for each silica 

precursor which can be seen in the photo on the left in Figure 6.4. 
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Figure 6.2 Photo illustration of green pigment from RHA and RHS-700-2 silica. The two samples 

were calcined at 950 °C for 5h in a box furnace in static air; left side photos show the ground 

reactants mixture; the chemicals in the middle refer to the components in the formula; photos on 

the right side show the ground pigment products. Note: RHA-GZ silica is grey in color while 

RHS-700-2 is pure white. 

 

 

 

 

Figure 6.3 Photo images of RHS-700-2 vs. RHA and corresponding ceramic pigments. Ceramic 

pigments were made from RHA (middle four tubes), and RHS-700-2 (right four tubes). All 

pigments prepared at 1050 °C for 5h using corresponding silica precursor. 
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Figure 6.4 Photo image of ceramic pigments prepared from RHS-700-2. Samples were made at 

1050 °C, 950 °C, 850 °C (left to right) for 5h using RHS-700-2 as the silica precursor. 

 

As discussed in chapter 3, the crystallinity of the silica may affect their reactivity, 

thus we concluded that the apparent reactivity of silica derived from acid treated RH is 

similar to that of fumed silica and the silica from acid treated RH can be an ideal 

substituent for fumed silica in lithium aluminum silicate synthesis. To study the ceramic 

pigment preparation using different silica sources, a series of samples were prepared at 

different temperature. The silica source was commercial crystalline quartz, silica from 

acid treated RH (RHS-700-2h), and fumed silica (Aerosil○R 155). RHA was not chosen 

for reasons discussed in introduction section. Figure 6.5 shows the XRD pattern of 

commercial quartz and silica derived from acid treated RH. It is clear that the RHS-700-2 

is amorphous and the degree of crystallinity can be ignored relative to crystalline silica. 

Figure 6.6 is the standard XRD pattern for quartz and zirconia silica respectively. Figure 

6.6 is used to help to identify the crystalline phase in the final pigment products. For 

instance, in Figure 6.7, for the sample that was prepared at 1050 °C 5h using fumed 
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silica, the crystalline phase was identified as zirconia silicates (majority), baddeleyite 

(minor), monoclinic ZrO2 (minor) and cristobalite (minor) according to Figure 6.6 and 

literature.
197, 306-307

 Figure 6.8 is XRD pattern comparison of various pigments prepared 

from calcination at 950 °C for 5h. All the peaks were nominalized based on each 

sample’s most intensive peak. Yellow and red/coral pigments prepared at 950 °C were 

not sufficient to convert the reactants into zirconia silicate according to the intensity of 

two ZrO2 peak located at 2 theta 28 and 31 degrees. For blue and green color, the ZrSiO4 

crystalline phase was dominant indicating that the temperature was enough for both 

reactions to happen. 
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Figure 6.5 XRD pattern comparison of RHS-700-2 and commercial crystalline SiO2. 
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Figure 6.6 Standard XRD pattern of Quartz (PDF#85-0798) and ZrSiO4 (PDF#71-0991) 
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Figure 6.7 XRD analysis for fumed silica based V-ZrSiO4 (green) sample. Sample was prepared 

at 1050 °C for 5 h; Z, baddeleyite (ZrO2), m, monoclinic ZrO2; Q, cristobalite (SiO2).
197, 306 
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Figure 6.8 XRD patterns of different color pigments. Samples were prepared at 950 °C for 5h. 

 

Figure 6.9, 6.10, and 6.11 are XRD patterns of vanadium doped blue pigment 

prepared using fumed silica, RHS-700-2, and quartz silica as precursor from the 

calcination at 1050 °C, 950 °C, and 850 °C for 5h respectively. All the peaks were 

nominalized based on each sample’s most intensive peak. Based on the relative peak 

intensity of the cristobalite, monoclinic ZrO2, baddeleyite, and as well as the ZrSiO4 

major peaks (2 theta degrees at 20, 27, 35.5), it can be concluded that, the apparent 

reactivity of fumed silica is the highest; the RHS-700-2 has similar reactivity to the 

fumed silica; both apparent reactivity of fumed silica and RHS-700-2 are higher than that 

of quartz silica. The different apparent reactivity from the three sources of silica in this 

pigment synthesis presumably has to do with their surface area and crystallinity. For 

fumed silica and silica from acid treated RH, the surface areas are in hundreds of square 

meters per gram, but the crystallized quartz silica has a surface area of less than ten 

square meters per gram.
12, 255

 As discussed in previous literature,
255

 the contacting area 
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between reactants is proportional to the reactivity, and reactants’ surface area will 

directly affect the contacting area between them. So the higher the reactant’s surface area, 

the higher the reactivity would be. The results in Figure 6.9, 6.10, and 6.11 support this 

statement. Also, it has been shown that the silica from acid treated RH has higher degree 

of crystallinity than fumed silica (Figure 3.4), and both have much lower crystallinity 

than commercial crystalline quartz (Figure 6.5). The crystallinity of silica could affect its 

reactivity, because lattice energy has to overcome as additional activation energy in a 

reaction compared to the amorphous silica. So the higher the crystallinity the silica is, the 

lower the reactivity will be. The results in Figure 6.9, 6.10, and 6.11 support this 

statement. 

Regarding the difference in silica reactivity, it may also directly relate to its 

intrinsic structure. It has been discovered that, there are mainly three forms of silica exist 

in RH, namely Q4 [*Si(OSi)4], Q3 [(OH)*Si(OSi)3], and Q2 [(OH)2*Si(OSi)2], all of 

which can affect crystallinity.
81

 That is to say, an increase in the portion of the Q4 form 

of silica, increases the silica’s crystallinity, which is shown by NMR and XRD results in 

the same paper.
81

 Thus, higher crystallinity of silica contains greater portion of Q4 silica; 

and lower crystallinity of silica contains less portion of Q4 silica (more Q3 and Q2 

consequently). Considering that in the synthesis of pigments, the Q4 form of silica would 

be much less reactive than that of Q3 and Q2 forms silica. Therefore, it can be concluded 

that silica that has high crystallinity, would contain greater amounts of Q4 silica (less Q3 

and Q2 consequently) and the reactivity would be lower. On the contrary, the lower 

crystallinity silica contains less portion of Q4 silica (more Q3 and Q2 consequently), 

which would increase reactivity. In this sense, based on Figure 6.9, 6.10, and 6.11, it can 
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be concluded that there should be a relation between the silica crystallinity and their 

apparent reactivity. That is to say, the higher the crystallinity is, the lower the apparent 

reactivity would be. This could be confirmed by 
29

Si solid NMR results, but we did not 

investigate this claim due to instrumentation limitation. 

It was concluded that for blue V-ZrSiO4 pigment, the reaction temperature lower 

than 950 °C would be insufficient in terms of ZrSiO4 conversion for the reaction. Figure 

6.11 indicates that the dominant crystalline phase was still ZrO2. 

Based on the XRD characterization, some reactions were not fully completed in 

terms of ZrSiO4 crystals forming which means to call the final product as ZrSiO4 would 

not be appropriate. But for convenience, in this chapter, the name of ZrSiO4 was used 

simply to describe the final product, not necessary mean the final product is ZrSiO4. 
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Figure 6.9 XRD patterns of blue pigment prepared at 1050 °C. Calcination time was 5h. Fumed 

silica, RHS-700-2, and Quartz were used as the silica precursor. 

 



141 

 

15 20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta (degrees)

Quartz Based

RHS-700-2 Based

Fumed Silica Based

 

Figure 6.10 XRD patterns of blue pigment prepared at 950 °C. Calcination time was 5h. Fumed 

silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.11 XRD patterns of blue pigment prepared at 850 °C. Calcination time was 5h. Fumed 

silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.12, 6.13, and 6.14 are XRD patterns of vanadium doped, green pigments 

prepared from fumed silica, RHS-700-2, and quartz silica as a precursor calcined at 1050 

°C, 950 °C, and 850 °C for 5h respectively. All the peaks were nominalized based on 

each sample’s most intensive peak. The results in Figure 6.12, 6.13, and 6.14 support the 

above discussion of apparent reactivity. For the reaction temperature it was concluded 

that for green V-ZrSiO4 pigments, the reaction temperature is sufficient even at 850 °C in 

terms of ZrSiO4 conversion. Figure 6.12 indicates that the dominant crystalline phase was 

ZrSiO4. 

For  apparent reactivity of different silica precursors, the results in Figure 6.15, 

6.16, 6.17 and Figure 6.18, 6.19, 6.20 still consistent with the discussions for the Figure 

6.9, 6.10, and 6.11. Regarding the reaction temperature, it seems that for yellow Pr-

ZrSiO4 pigment, 1050 °C was not high enough in terms of ZrSiO4 conversion. Figure 

6.15 shows that even for the sample using a fumed silica precursor, no significant 

crystalline of ZrSiO4 was detected. For the red/coral Fe-ZrSO4 pigments, temperatures 

lower than 1050 °C would be insufficient for all silica precursors in terms of ZrSiO4 

conversion for the reaction. Figure 6.18 shows that for fumed silica and silica from acid 

treated RH precursor, 1050 °C was enough for the conversion of ZrSiO4, but was not 

enough for quartz silica. 
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Figure 6.12 XRD patterns of green pigments prepared at 1050 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.13 XRD patterns of green pigments prepared at 950 °C. Calcination time was 5h. Fumed 

silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.14 XRD patterns of green pigments prepared at 850 °C. Calcination time was 5h. Fumed 

silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.15 XRD patterns of yellow pigments prepared at 1050 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.16 XRD patterns of yellow pigments prepared at 950 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.17 XRD patterns of yellow pigments prepared at 850 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.18 XRD patterns of red/coral pigments prepared at 1050 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.19 XRD patterns of red/coral pigments prepared at 950 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 
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Figure 6.20 XRD patterns of red/coral pigments prepared at 850 °C. Calcination time was 5h. 

Fumed silica, RHS-700-2, and Quartz were used as the silica precursor. 

 

The results of SEM characterization are shown in Figure 6.21 to 6.24. The images 

in turn correspond to green, blue, yellow, and red/coral pigment prepared using RHS-

700-2 as silica precursor in this report. In Figure 6.21, the red arrows are referring to 

ZrSiO4 rhombohedrical crystals according to the study Bondioli et al. together with EDS 

results (not shown here).
301

 In accordance with XRD results in Figure 6.9 (RHS-700-2 

based) the majority of the crystals are ZrSiO4, and very little raw material crystals were 

observed. Figure 6.22 had similar crystals as Figure 6.21, and the morphology is also in 

accordance with the XRD pattern in Figure 6.9 (RHS-700-2 based), most crystals are 

ZrSiO4, and little raw materials crystal were observed. Figure 6.23 is for yellow pigment. 

Based on XRD pattern (Figure 6.15), 1050 °C, not much ZrSiO4 yield was produced. 

Almost no big rhombohedrical ZrSiO4 crystals are seen On SEM image Figure 6.23. 
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Morphology in Figure 6.24 is similar to the work by Herrera et al.,
304

 which are in 

accordance with the XRD results in Figure 6.18. 

For all the pigments we made, we tested the samples color value, only the results 

of the green and blue pigments were listed in this report (Table 6.3) because XRD results 

show (Figure 6.9−6.11 and 6.12−6.14), that only two color pigment series yield 

substantial ZrSiO4 starting from 850 °C. To my knowledge, no similar data (CIE-

L*a*b*) for the pigments themselves is available through the literature. 

 

 

 
Figure 6.21 SEM image of green pigment prepared at 1050 °C using RHS-700-2. Calcination 

time was 5h. The red arrows refer to the ZrSiO4 crystal.301 
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Figure 6.22 SEM image of blue pigment prepared at 1050 °C using RHS-700-2. Calcination time 

was 5h. 

 

Figure 6.23 SEM image of yellow pigment prepared at 1050 °C using RHS-700-2. Calcination 

time was 5h. 
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Figure 6.24 SEM image of red/coral pigment prepared at 1050 °C using RHS-700-2. Calcination 

time was 5h. 

 

Table 6.3 CIE-L*a*b* value for different silica at different temperatures. 

Color Silica Type 
 

850℃ 
  

950℃ 
  

1050℃ 
 

green 

 L* a* b* L* a* b* L* a* b* 

Fumed silica 57.11 -2.83 12.20 51.75 -2.68 10.08 51.13 -4.76 11.17 

RHS-700-2 49.29 -8.37 7.95 49.14 -7.45 8.87 56.86 -7.55 5.13 

Quartz silica 54.89 -9.92 8.30 57.12 -6.96 7.92 53.06 -4.44 9.71 

blue 

Fumed silica 81.33 -8.79 -4.54 72.50 -11.69 -15.60 70.72 -11.95 -16.72 

RHS-700-2 79.74 -9.58 -8.38 68.00 -13.08 -20.65 70.61 -12.85 -18.87 

Quartz silica 81.12 -9.46 -8.28 69.93 -13.21 -18.57 65.15 -13.71 -20.71 

 

6.4. Conclusion 

Four colored ceramic pigments, namely green, blue, yellow, and red/coral, were 

prepared and studied in this report. Three different silica precursors, fumed silica, RH-

HCl-Silica, and commercial crystalline silica, were used in the preparation of the four 
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pigments above. Beside silica precursors, three different calcination temperature, 1050 

°C, 950 °C, and 850 °C, were also studied. Based on XRD characterization, it has been 

shown that silica from HCl treated RH has similar apparent reactivity to that of fumed 

silica and can be a suitable substituent material for the latter in pigment preparation. 

Among the three silica precursors, commercial crystalline silica possesses the lowest 

apparent reactivity in terms of ZrSiO4 conversion rate. Silica from non-treated RH (RHA) 

is not an ideal candidate in pigment synthesis since it could yield unexpected color due to 

the RHA’s low quality. The apparent reactivity of the three silica precursors depends on 

their surface area and crystallinity. According to the discussion on the silica forms (Q4, 

Q3, and Q2), the reactivity of the different silica could also be related to their crystallinity 

characterized by XRD, i.e., higher degree of silica crystallinity will presumably result in 

the lower reactivity in the pigment synthesis. 
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CHAPTER 7  

Outlook and Summary 

Biomass has drawn increasing attention since sustainability efforts became 

widespread. All the non-renewable energy is eventually going to be depleted. Ultimately 

sustainable development and renewable energy will become the future of mankind. 

Our group has been researching sustainability efforts involving rice husk (RH) for 

several years. RH is a type of biomass/biowaste (which is referred to as an agro-waste in 

industry). At the present time, RH is considered as a “true” biowaste. Various biomasses 

have been studied and utilized to generate useful material or energy for the world. In 

general, biomasses can be classified into three categories. Category one is food 

competitor, which means that this kind of biomass can serve as food for living creatures, 

such as corn. When this kind of biomass is utilized to generate other useful materials or 

energy, the availability of food will inevitably decrease. Category two is for biomasses 

that are non-food competitors. But they still have to be purposely grown or harvested 

prior to utilizing them, such as switch grass. To utilize this kind of biomass, extra 

resources will be consumed. Category three is “true biowaste”, which means they are 

generated as a byproduct of another useful resource. RH is a “true biowaste”; it is always 

generated when rice is produced. Compared to the other two categories of biomasses, the 

“true biowaste” would be the most beneficial to humans if they are used properly since 

the essential investment on the raw material would be virtually “zero”. 

Millions of tons of rice husks are produced every year.
207

 Evidently the 

applications of RH have been very limited due to their tough nature and low nutritional 

value.
7-8

 The most common disposal method so far is open field burning according to the 
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study by Manan et al.
9
 The open field burning inevitably results in waste of energy, air 

pollution, and greenhouse gas emission.
12

 If utilized properly, RH could be a suitable 

candidate of feedstock for silica based materials because of its high silica content (15−28 

wt %) and large availability. Moreover, the silica in RH is pure and in amorphous form, 

which is extremely valuable as discussed in the first chapter. The problem now is how we 

could efficiently harvest RH without changing its purity, morphology, and crystallinity. 

Presently, amorphous silica can be harvested, but the morphology control requires 

further research. At the present time the yielded silica tend to agglomerate with each 

other, which typically results in larger particles, and thus limited its application. 

Luminescent silica material preparation is also an interesting topic. The procedure 

is simple, because no other raw materials are needed to prepare luminescent silica from 

RH. If the luminescence of the silica from RH can be sufficiently strong and efficient, we 

could potentially replace the toxic materials currently in use in fluorescent light bulbs. 

The mechanism of luminescent silica from RH is still under debating. More research is 

needed in this area. 

All in all, RH biomass is worthy of extensive investigation and exploration, 

because it has great potential to benefit the world’s sustainability efforts. 
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