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a  b s t r  a  c t

The aim of the  investigation is to develop nano-crystalline forsterite by utilizing amorphous

silica  and magnesia through solid-state route. Amorphous silica was yielded from burning

of biomass, i.e. rice husk (RH). The precursor and powders were subjected to calcination

for a temperature range of 700–1000 ◦C and evolution of forsterite phase was characterized

using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scan-

ning electron microscopy (SEM). The results indicate that by increasing temperature around

1000 ◦C,  magnesia and amorphous silica were absolutely consumed and turned into a  single

forsterite phase. Crystal size was calculated by  XRD analysis (80–85 nm) and particle size

was determined by SEM micrograph analysis, which reveals that prepared powder consist

particles with nearly spherical morphology, and mean particle size of 265 nm.

©  2017 SECV. Published by  Elsevier España, S.L.U. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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de  cáscara  de  arroz  de biomasa  por  vía de estado  sólido
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r  e  s u m e n

El objetivo de la investigación es desarrollar forsterita nanocristalina mediante la utilización

de  sílice amorfa y  magnesia a través de la vía de  estado sólido. La sílice amorfa se obtuvo

por combustión de biomasa, es decir, a  partir de  cáscara de arroz. El precursor y  los polvos

se  sometieron a  calcinación en un intervalo de  temperaturas de 700–1.000 ◦C y  la evolución

de  la fase forsterita se calificó mediante espectroscopia infrarroja por transformadas de

Fourier (FTIR), difracción de  rayos X (XRD) y  microscopia electrónica de barrido (SEM). Los

resultados indican que, al aumentar la temperatura a unos 1.000 ◦C, la magnesia y  la sílice

∗ Corresponding author.
E-mail address: mrmmajhi.cer@itbhu.ac.in (L. Mathur).

https://doi.org/10.1016/j.bsecv.2017.10.004
0366-3175/© 2017 SECV. Published by Elsevier España, S.L.U. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.bsecv.2017.10.004
http://www.elsevier.es/bsecv
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bsecv.2017.10.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mrmmajhi.cer@itbhu.ac.in
https://doi.org/10.1016/j.bsecv.2017.10.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


b o  l e  t í  n d e  l a s  o c i  e d a d  e s  p a ñ o l a d  e c  e r  á m i c a y v i d r  i  o 5 7 (2 0 1 8) 112–118 113

amorfa se consumieron totalmente y  se convirtieron en una fase de  forsterita única. El

tamaño  del cristal se calculó mediante análisis de XRD (80-85 nm) y el tamaño de la partícula

se determinó mediante análisis de micrografía SEM, lo que revela que el polvo preparado

contiene partículas con una morfología casi esférica y un tamaño  medio de partícula de

265  nm.
© 2017 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo

la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Nano materials are eminent as  the vital materials in nano-

technology due to their exclusive properties including high

strength, high hardness, extremely high diffusion rates, and

therefore reduced sintering times in  comparison to the con-

ventional coarse grain materials [1–4].

Crystalline magnesium silicate with chemical formula

Mg2SiO4 is a mineral phase recognized as forsterite, named

after the German scientist Johann Forster. Forsterite is pre-

dominately consists of the anion SiO4
4− and the cation Mg2+

in a molar ratio 1:2 and relates to the group of olivines [5].  It

also exhibits good refractoriness due to its high melting point

(1890 ◦C), low dielectric permittivity, low thermal expansion,

extremely low electrical conductivity, good chemical stability

and excellent insulation properties even at high temperatures.

It is insulating in nature with very low thermal conductivity

compared to pure MgO  (about 1/3–1/4 of the pure MgO) [6–9].

All of these characteristics stated above make it relevant mate-

rial for engineers and designers to  use them in  the fabrication

of numerous technical components such as refractory mate-

rials [10–12],  dielectric substrates [13,14],  solid oxide fuel cells

(SOFC) [15,16], optical devices [17], pigments [18],  biomaterials

[19,20], composite materials [10,21,22], electronics and tunable

laser [23].

Previous researchers utilized diverse methods to evolve

high purity forsterite phase such as co-precipitation [24],

polymer precursor [25],  sol–gel [26–28] and mechanical acti-

vation [29–31]. This evolution of high purity forsterite phase

is strongly depends on firing temperature [32,33].  It was

reported that firing temperature has been changed as the

process for fabrication of same has change, such as  800 ◦C

for co-precipitation, polymer precursor, citrate-nitrate routs

(sol–gel), above 1000 ◦C for heterogeneous sol–gel route and

1000–1200 ◦C for mechanical activation. However, these meth-

ods cannot be used for comprehensive industrial production

of high purity forsterite due to their high cost.

In last few decades forsterite was prepared with vari-

ous ingredients such as  serpentine [11],  olivine [34],  iron ore

tailing [35],  zeolite and MgO  [15] talc and magnesium car-

bonate [36] or  MgO  [37], and MgO  with silica [38].  Another

raw material for evolution of ceramic is ‘rice husk’ (RH)

because it incorporates a  huge amount of silica and is

redundantly available. RH is a  renewable source of silica

and extraction of silica from it, is also easy. Burnt prod-

uct of rice husk is rice husk ash  (RHA). Silica found from

RH was used for preparation of borosilicate, cordierite, car-

bosil, alumino-silicate and mullite [39–44]. The potential of

rice husk as an excellent source of high-grade amorphous sil-

ica has also been investigated in many other studies [45–47].

This amorphous silica can be utilized for preparation of solar

grade silicon, silicon carbide, magnesium–alumina–silica, and

lithium–aluminum–silica [48–51].

Abundant availability and high content of silica make RH

relevant ingredient to be  utilized in forsterite preparation.

Another ingredient for preparation of forsterite, i.e. magne-

sia was added in form of dead burnt magnesia (DBM). The

present study is aimed to the appraisal of, formation of nano-

crystalline forsterite by using rice husk as  a  source of silica by

solid state route.

Materials  and  experimental

Biomass in form of rice husk (RH) was acquired from rice mill.

RH was  dried at 50 ◦C and then sear in an open environment,

this burning of biomass yield rice husk ash (RHA). RHA  was

further grounded and heat treated at 600 ◦C for 4 h, due to the

presence of trace amount of unburnt carbon. Chemical, min-

eralogical and morphological characteristics of rice  husk were

dynamically influenced by rice diversity, soil chemistry, cli-

matic conditions, and geographic localization of the  culture

[52,53].  The chemical composition of RHA was analyzed by

the X-ray fluorescence spectrometer (XRF) according to ASTM

C114-00 [54] shown in  Table 1. It was found that RHA incorpo-

rates 96% of SiO2.  The XRD analysis was carried out for RHA

and the results were recorded in the range of 10–90◦ for 2,

� shown in  Fig. 1.  The absence of any sharp peak illustrates

that the silica in the RHA is in amorphous form only. The

amorphous silica present in RHA is also known as active sil-

ica, which is consider to be more  reactive than the crystalline

one, because it has short-range order characteristic of a  crystal

[46].  Amorphous materials have an internal structure made of

interconnected structural blocks. Analytical grade (assay 99%)

dead burnt magnesia (DBM) was purchased from Lobachemie

Pvt. Ltd., India, which contains periclase as its major phase.

Table 1 – Chemical composition by XRF of heat treated
RHA.

Compound Wt.% Compound Wt.%

SiO2 96.01 TiO2 0.08

Na2O 1.42 ZnO 0.07

P2O5 0.91  CuO 0.06

K2O  0.52 Rb2O  0.03

CaO 0.42 BaO 0.02

Fe2O3 0.16  ZrO2 0.02

MgO 0.11 Re2O7 0.01

RuO2 0.10  Y2O3 0.01

SO3 0.09  Eu2O3 0.01
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Fig. 1 – XRD of heat treated RHA.

In the present work initially all raw materials were crushed

and grind up to fine particle size (45 �m).  Screened materials

were taken into a  stoichiometric amount shown in Table 2 and

then pulverized in  a  high speed ball mill for 300 rpm in  abso-

lute alcohol medium using Zirconia balls of 10  mm diameter

for 12 h. Balls to powder weight ratio was  kept 5:1. The mixture

was then dried, grind and calcined on 700 ◦C (T-1), 800 ◦C (T-2),

900 ◦C  (T-3), 1000 ◦C (T-4), with a ramp  rate of 5 ◦C/min for 2 h

in air atmosphere [55].

In order to investigate crystal size, surface morphology,

particle size and phase formation, various tests were exe-

cuted using different equipment. In order to identify the

crystalline forsterite phase present in the calcined powder,

it  was subjected to  X-ray diffraction analysis (XRD) using

RIGAKU-Miniflex II diffractometer (Serial no: HD20972, Japan)

adopted Cu K� radiation (� = 1.5405 Å) with a  tube voltage of

40 kV and current of 35 mA in a 2� range between 10◦ and 90◦.

During measurement the step size and speed were set to 0.02◦

and 1◦ per min, respectively and were followed in the present

investigation. The JCPDS-International Centre for diffraction

Data Cards were used as a  reference. The crystallite sizes of

the calcined powder samples were determined from X-ray line

broadening using the Sherrer’s equation as follows:

t  =
0.9�

(B cos �)
(1)

where t  is the crystallite size, �  is  the wavelength of the radi-

ation, � is the Bragg’s angle and B is the full width at half

maximum. To determine the  mean crystallite size of synthe-

sized forsterite three diffraction peaks were considered, i.e.

(011), (112) and (400). Line broadening due to the instrument

Table 2 – Proportion and average particle size of the raw
materials.

Raw materials MgO Amorphous silica

Proportion (wt.%) 57  43

Particle size (�m) 45  45

was  subtracted from the peak width before calculating the

crystallite size using the following formula:

B2
=  B2

meas − B2
equip (2)

where Bmeas =  measured full width at half maximum from

peak, Bequip = instrumental broadening. The molecular struc-

ture of the fired powder was  studied using Fourier transform

infrared spectroscopy (BRUKER, TENSOR 27-3772) between

4000 and 400 cm−1 through attenuated total reflection (ATR)

method. The surface morphology of the forsterite refrac-

tory was  examined using SEM (ZEISS, EVO 18-2045). Particle

size estimated from SEM micrograph by software entitled as

“Image J1.48V”.

Result  and  discussion

To reveal the phase transformation occurs during heat

treatment powders were characterized by X-ray diffraction

method. XRD patterns of the various samples calcined at dif-

ferent temperature demonstrated in Fig. 2(A)–(D). Indexing

of phases was  completed with the help of JCPDS file no. 34-

0189, it displays the existence of forsterite phase with the

most intense peak at 2� = 20.6◦, 41.80◦,  and 62.008◦ having

reflections from (011), (112), (400) planes respectively; simi-

lar results were found in  previous studies [14,15,55]. Some

peaks of other phases were also found at low tempera-

ture that was eliminated by the escalation of temperature

up to 1000 ◦C. These low temperature phases were peri-

clase, enstatite and clinoenstatite, identified by JCPDS file no:

43-1022, 19-0768, 35-0610 respectively. Fig. 2(A) shows that
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Fig. 2 – XRD of (A) T-4, (B) T-3, (C)  T-2, (D) T-1.
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Table 3 – Mean crystallite and particle size of samples.

Sample Temperature (◦C)  Crystal size at different

peak (hkl) ± 2 (nm)

Mean crystallite

size ± 2 (nm)

Standard deviation

for crystallite size (�)

Mean particle

size ±  2(nm)

(011) (112) (400)

T-1 700  53  103 84  80 11.90 221

T-2 800 51  98  93  81 12.17 255

T-3 900 58  100 94  84 10.71 289

T-4 1000 57  105 94  85 11.85 298

maximum intensity peak occurs only when powder was cal-

cined at 1000 ◦C, this maximum intensity peak correspond to

pure forsterite phase formation. First of all magnesium oxide

was constituted in the structure then the reaction between

this magnesium oxide and SiO2 at the surface causes forma-

tion of enstatite and clinoenstatite. Further, due to diffusion

of magnesia in enstatite or clinoenstatite, forsterite phase

was  constituted. Consequences of shortfall in  particle size

are, increase in homogeneous powder that results faster for-

mation of forsterite structure at lower temperature. Due to

this diffusion mechanism other phases such as  periclase and

amorphous silica were completely absent in  the  powder that

was calcined at 1000 ◦C.

In addition to analysis of crystal system, the  lattice param-

eter and mean crystallite size of the  powder was  calculated.

Lattice parameter was found by indexing of dominating peaks

made in XRD analysis. Lattice parameter found are identical

to the orthorhombic Mg2SiO4 structure, which is consistent

with the standard data file (JCPDS file card no: 34-0189). Lat-

tice parameter is a(Å) = 5.98, b(Å) = 10.01, c(Å) = 4.78 and unit

cell volume (Å3)  = 286.69 supported by previous studies [56].

Mean crystallite size was  calculated from the peak broadening

in a XRD diffraction pattern associated with a particular planar

reflection from within the crystal unit cell based on Scherrer’s

formula Eq.  (1).  In the present investigation, the crystallite size

was calculated from 2� corresponding to the three dominating

peaks of forsterite at approximately 20.6◦, 41.80◦,  and 62.008◦.

Mean crystallite size of resulted powders at different calcina-

tion temperatures are included in  Table 3.  As shown in  table

mean crystal size was raised as the  calcination temperature

augmented. Initially variation in crystal size from 700 ◦C to

800 ◦C was very low, but as the temperature raises the mean

crystal size fluctuates from 80 nm to 85 nm calculated from

Fig. 2. This fluctuation in crystal size indicates the formation of

single crystal forsterite. Here crystal size was  found in  a  nano-

size range that illuminates the formation of nano-crystalline

forsterite particles, supported by lattice parameter.

In order to study the creation of chemical bonds during

milling and calcination, powders were subjected to FTIR test.

Fig. 3 illustrates FT-IR spectra of powders fired at discrete

temperatures, i.e. 700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C. All the

IR bands traced are displayed in Table 4 with their corre-

sponding functional group. FTIR analysis was used to follow

the formation of crystalline forsterite, SiO4,  Si  O Si  bond,

MgO6 Modes and MgO  bands. In fired samples the intense

bands concerned with the characteristic peaks of forsterite

appear in the range of 830–880 cm−1, 1010–1030 cm−1. Iden-

tical results were also reported in  previous studies [15]. Few

characteristics bands of forsterite also traced in  the range
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Fig. 3 – Infrared transmission spectra of calcined samples.

Table 4 – Symbol used for FTIR peaks and corresponding
functional group.

Symbol Peak (cm−1) Functional group

A 830–880, 1010–1030 Crystalline forsterite

B 980–1000, 860–890 SiO4 (stretching)

C 600–615 SiO4 (bending)

D 780–820 Si O Si (stretching)

E 475–477 MgO6 modes

F 500–505 MgO (stretching)

of 980–1000 cm−1, 860–890 cm−1 and 600–615 cm−1 associ-

ated to  SiO4 stretching and SiO4 bending modes respectively

[27].  Bands around 475–477 cm−1 are concerned to octahedral

MgO6 modes [25,27,57].  These peaks justify the formation of

forsterite as it is  shown in XRD pattern of the samples. A few

bands were associated with MgO stretching mode in the range

of 500–505 [15]. Downfall found in the range of 780–820 cm−1

corresponding to Si  O Si  symmetric stretching vibrations

[57].

The surface morphologies of the powder calcined at dis-

crete temperature, i.e. 700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C were

studied using scanning electron microscope (SEM). The micro-

graphs displayed in Fig. 4(a)–(d). Micrographs demonstrate a

significant effect of temperature variation on the size and dis-

tribution of the particles on the surface. Fig. 4(a) indicate that

after calcination at 700 ◦C, no particle coarsening occurred and

the shape and size stand almost same as  those of milled pow-

der shown in Fig. 5.  But as  the temperature augmented up

to 1000 ◦C, the particle size lightly increased as a  function of
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Fig. 4 – Scanning electron microscopy (SEM) images of the sample calcined at different temperatures (a) 700 ◦C, (b) 800 ◦C,  (c)

900 ◦C, (d) 1000 ◦C.

Fig. 5 – SEM micrograph of milled sample.

calcination temperature indicated in Fig. 4(d). Mean particle

size of calcined powder was  determined using “linear inter-

section method” on SEM micrographs was  found in the  range

of 221–298 nm shown in Table 3.

Energy dispersive spectroscopy or EDX analysis of T-4

is demonstrated in  Fig. 6. The theoretical value of Mg, Si,

and Oxygen in forsterite is 34.54%, 19.96%, 45.49% respec-

tively. Fig. 6 shows that the amount of Mg, Si, and oxygen

in T-4 is approximately identical to theoretical values of

the same in forsterite. This shows there is an  absence of

free periclase or free silica in sample, i.e. periclase and sil-

ica were completely reacted and transformed into forsterite

phase.

Conclusions

Nanocrystalline forsterite (Mg2SiO4)  was  synthesized by solid

state route using rice  husk as  biomass and magnesium oxide

as ingredient. Samples were calcined at various temperatures

ranging from 700 ◦C to 1000 ◦C. Erection of forsterite phase

begin from 700 ◦C and single- phase crystallite forsterite was

acquired at 1000 ◦C.  Combination of biomass and solid state

route yield nano-crystallite forsterite phase having crystal-

lite and particle size in  the range of 50–105 nm and less than

300 nm respectively. This combination leads to much easier

and cheaper way for fabrication of nano-crystallite forsterite

particles than other one, so this one can be  used for bulk pro-

duction of the same.
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Fig. 6  – EDX spectra of the sample designed as T-4.
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