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Abstract

Cordierite (MgAl,SisO,g) powders were synthesised by utilising agro-based ‘waste’ material-rice husk ash and two other sources of silica,
i.e. tetraethylorthosilicate (TEOS) and fumed silica, for a comparative study following sol-gel technique. The gel and calcined powders
obtained from different silica sources were characterised by thermogravimetry analysis (TGA), differential thermal analysis (DTA), X-ray
diffraction (XRD) study, Fourier transformed infrared (FTIR) spectroscéfdi and 2°Si solid state MAS NMR spectroscopy, scanning
electron microscopy (SEM) and particle size analysis. For rice husk ash as the source material, DTA and XRD results confirmed that
a-cordierite was formed at 136& through the intermediate phases of cristobalite and MQAbpinel while in case of TEOS and fumed

silica sourcesy-cordierite formed at 1320 and 1360 respectively through the intermediate phasgs-cbrdierite and magnesium aluminate
(MgAI,O,) spinel for the former and via the Mg#®, spinel for the latter. FTIR studies showed the vibration bands of &ittahedra, AlQ
octahedra and Al@tetrahedra for different sources of silica calcined at different temperatures’Ahsolid state NMR confirmed the

highly abundance of AlQoctahedra whil&°Si solid state NMR revealed the*Qtate for SiQ tetrahedra for the sample obtained from rice

husk ash after calcination at 800. The SEM showed the irregular morphology of the calcined powders (2)0@r all the samples and
comparatively wide size distribution of the particles was found for the sample obtained from rice husk ash.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction synthesis uses different varieties of the sol-gel and related
techniques:® Douy? exploited an elaborate organic gel
Cordierite (MgAI4SisO18) ceramics because of its low method (with or without citric acid) for obtaining cordierite
thermal expansion co-efficient and high refractorifésis powders. In addition to that, the combustion technique
a promising candidate as a structural material and find ap-for the synthesis of cordierite is worth mentioning. Each
plications as a carrier of catalyst for exhaust gas control in of these methods has its own respective advantages and
automobiles, heat exchangers for gas turbine engines, in-disadvantages. Further, the choice of the starting materials,
dustrial furnaces, packing materials in electronic packing, e.g. soluble metal salts, metal alkoxides, colloidal suspen-
refractory coatings on metals, etc. It is also used as an inte-sions, their availability, the steps involved during sol and
grated circuit substrate because of low dielectric constant.  gel formation along with the processing time are some of
The conventional methods of cordierite powder syn- the important points to be taken into consideration during
thesis include sintering of oxide powders through solid the synthesis of the materials.
state reactions or crystallising the glaséesHowever, be- Rice husk is an abundantly available agricultural waste
cause of some inherent difficulties of the above mentioned material and the burnt rice husk causes environmental
methods>® much of the recent work on cordierite powder pollution19 In the present investigation, an effort has been
made to find the value addition to rice husk ash in synthe-
sising advanced ceramic material like cordierite. Keeping
* Corresponding author. this view in mind, in respect of environmental friendly and
E-mail address: milan312@hotmail.com (M.K. Naskar). cost-effectiveness, the cordierite powders were synthesised
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starting from rice husk ash and other water-based precursompreparation of tri-component sol of magnesia—alumina—
materials following a simple step wet-chemical process. For silica with their stoichiometric compositions by the addition
a comparative study, the same powders were also synthe-of different silica sources to the bicomponent sol prepared
sised with other sources of silica, i.e. tetraethylorthosilicate as above (i).
(TEOS) and fumed silica following the same experimental In the first step, the precursor materials for the prepa-
procedure as done in case of rice husk ash as source maration of magnesia—alumina (2:2 mole ratio) sol were
terial. The powders obtained from rice husk ash and other hydrated aluminium nitrate, AI(N§)s-9.15H,0 (A.R.,
sources of silica were characterised by their thermal analy- Merck India, purity >99%) and hydrated magnesium ni-
sis, crystallisation behaviour study, FTIR spectroscé4l trate, Mg(NQ)2-6.12H0O (A.R., Merck India, purity
and2°Si solid state NMR spectroscopy, SEM and particle >99%). Calculated quantities of Mg(N{-6.12H0 and
size analysis. Al(NO3)3-9.15H,0 were dissolved in measured volume
of deionised water (conductivity of water.4lx 10-°S)
to make a solution of 1M with respect to #I. The pH
of the bi-component solution was then adjusted at room
temperature (RT), to about 3 by the addition of con-
centrated ammonia solution (25wt.%, G.R., Merck, In-
dia) under stirring. The resulting sol was then heated to
Fig. 1 presents the flow diagram for the synthesis of 80+ 1°C under controlled condition, i.e. by dropwise ad-
cordierite (MgAl4SisO1g) powders from sol-gel method dition of concentrated ammonia solution under vigorous
using rice husk ash and other sources of silica, i.e. TEOSstirring in a covered containét? The viscosity of the
and fumed silica. For the preparation of sols with cordierite sol thus obtained increased with increasing time of heat-

2. Experimental

2.1. Preparation of sols, gels and oxide powders

composition, i.e. 2Mg@Al,03-5Si0,, two steps were

ing. The heating was continued until the final viscosity

followed: (i) preparation of bi-component sol of magnesia— of the clear, transparent, composite sols was determined

alumina with their stoichiometric compositions; and (ii)

to be 25+ 1 mPas. The pH of the sol at this stage was

Deionised water

AI(NO3).9.15H,0

(conductivity 1.4X10° §)

stirring

IBi-component solution of A" and Mg®' (pH~1)

NHj; (conc.), stirring at r.1.
l Bi-component sol of A’ and Mg?* (pH~3)
NH; (conc.), stirring at 80+1°C
I Bi-component sol of A*" and Mg®" (pH~3.2, viscosity~25mPa s) I

Sol SI Sol SIT E)lSIII
Rice husk ash, TEOS, Fumed silica,
stirring at r.t. stirring at r.t. stirring at r.1.
y y y
E}] CI liol CII I_iil cil
Stirring at Stirring at Stirring at
90+1°C 90+1°C 90+1°C
y
Ery gel (C) [Drygel€m|  [Dry gel (c |
Grinding with Grinding with Grinding with
-300 mesh -300 mesh -300 mesh
A 4
[Eel powder (CT) [Gel powder (CIT) | [ Gel powder (CITN)]
Calcination Calcination Calcination
at 1400°C at 1400°C at 1400°C
y
a-cordierite powder | a-cordierite powder I l a-cordierite powder |

Fig. 1. A flow diagram for the synthesis of cordierite powders from different silica sources.
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found to be 3.2. The pH of the sols was measured with 3. Results and discussion
a Jencon pH meter (Model 3030) while the viscosity val-
ues were recorded using a Brookfield Viscometer (Model 3.1. Thermal analysis by DTA and TG
LVTDV-II). The bi-component sol of magnesia—alumina
thus obtained was divided into three parts namely SlI, Sl DTA curves for the sample CI obtained from rice husk
and Sl ash source shows two broad endothermic peaks at 145 and
In the second step, calculated quantities of rice husk ash329°C (Fig. 29 while for the sample CII (obtained from
(laboratory made, crystalline form: crystobalite, composi- TEOS) and ClII (obtained from fumed silica), the corre-
tion (wt.%): SIQ (90.23%), TiQ (0.13%), AbOs3 (1.07%), sponding endothermic peaks were at 181 and°Z9%or
Fe03 (0.27%), CaO (0.39%), MgO (0.18%) 2R (1.36%), the former Fig. 2b and at 156 and 30Z for the latter
P>0Os5 (2.38%), L.O.I. (3.99%)) and other sources of silica, (Fig. 29. From the TG curves of the samples ClI, CIl and
i.e. TEOS (Fluka Chemica, Purum grade) and fumed sil- CllI, it is clear that a total weight loss of about 21-22%
ica (Cab-O-Sil, Cabot Corporation, 95.84 wt.% Sj@vere occurred in the temperature region 30—260(Fig. 2a—9.
added under stirring at RT to the bi-component sols of SI, However, in the temperature region 250-500 the weight
Sl and SllI, respectively. The addition of TEOS to the loss for the sample Cl was 15.10%i¢. 23 and those for
bicomponent sol at pH 3.2 formed an immiscible sol at the samples ClIKig. 2b) and CllI (Fig. 29 were 23.72 and
the initial stage, but with the progress of hydrolysis reac- 13.79%, respectively. The peak temperatures obtained from
tion of TEOS at the above pH, alcohol was produced as DTA curves and percent of weight loss obtained from TG
the by-product which was sufficient to homogenise the ini- curves for all the samples CI, Cll and ClllI are also shown
tial immiscible phasé2 The three different tricomponent in a tabular form {able 1for DTA and Table 2for TG).
sols of magnesia—alumina—silica, containing rice husk ash, The first endothermic peak temperatures, i.e. 145, 181 and
TEOS and fumed silica as the silica sources were preparedl56° C for the samples, ClI, Cll and CIIlI were attributed to
and they were designated as ClI, Cll and CllI respectively the removal of absorbed water and other volatiles present in
(Fig. 2). the gel sample$.lt is to be noted here that for the gel sam-
The three different sols, Cl, Cll and ClII containing mag- ple Cl obtained from rice husk ash, the endothermic peak
nesia, alumina and silica in their stoichiometric composi-
tions were continuously heated at 201 °C under stirring
to obtain the corresponding gel powder of CI, Cll and CIII.
The agglomerated gels were ground to makg00 mesh
powders. The gel powders thus obtained were subjected to

Exo—»

[
o
Residual Weight (%)

o
calcination from 400 to 1400C each, with a heating rate 8 70
of 3.3°C/min and with a dwell time of 1h under a pro- l L 60
grammable furnace in static air condition. 200 600 1000 1400
(a) Temperature (°C)

2.2. Characterisation of gels and oxide powders

The gel powders were characterised by differential ther-
mal analysis (DTA) and thermogravimetry (TG) (Netzsch
STA 409c) from 30 to 1400C in Ar atmosphere at the
heating rate of 10C/min. Crystalline phases of the calcined
powders developed at different temperatures were exam- — S
ined by X-ray diffraction (XRD, Philips PW-1730) with 200 600 1000 1400
Ni-filtered Cu Ka radiation. The IR vibrational spectroscopy (b) Temperature (°C)
of different gel and calcined samples (Cl, Cll and ClIl) was
performed with Fourier transform infrared (FTIR) study
(Nicolet 5 PC) in the wavenumber range 4000—400¢tm
using 4.0 cm® resolution. Theé?’Al and 29Si MAS NMR
of the samples ClI, Cll and CllI calcined at 800/1 h dwell
time were obtained with a Bruker DSX-300 solid state
FT-NMR spectrometer at 78.2 MHZ/@Al) and 59.6 MHz l 1 S
(?%si) with the spinning frequencies of 5 kHz and 1000 num- 200 600 1000 1400
ber of scans fof’Al and 7 kHz and 2000 number of scans (c) Temperature (°C)

for 2°Si at the magic angle of 547 The chemical shifts _ .
Fig. 2. (a) DTA and TG curves of the powder sample Cl obtained from

were given in ppmz7\NIth respect to the e)ftemal standard of rice husk ash. (b) DTA and TG curves of the powder sample CllI obtained
1M AI(NOgz)3 for <Al and tetramethyl silane (TMS) for  from TEOS. (c) DTA and TG curves of the powder sample Clil obtained
29g;, from fumed silica.
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Table 1
DTA results of the precursor cordierite gel powder

Sample designation Peak temperat€)(

Endothermic Exothermic

Cl 145, 329 298, 1039, 1365
Cll 181, 299 962, 1319
Clll 156, 302 1008, 1362
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samples were analysed by XRD which confirmed the crys-
tallisation of the respective phases as observed from the
exothermic peaks of DTA curves.

3.2. Crystallisation behaviour of the gel powders by XRD
To study the crystallisation behaviour of the phases ap-

peared at different temperatures, XRD patterns of the gel
powders corresponding to the samples CI, Cll and CIlI,

temperature was lower compared to that of the gel sampleshe""t'”e"Jltecj at 400, 600, 800, 1000, 1200, 1300 and X400

Cll and ClIII; there occurred rather a more easy escape of ab-

sorbed water molecules from Cl compared to CIl and CIII.
The second broad endothermic peaks at 329, 299 anti302
for the samples ClI, Cll and CllI, respectivelyi§. 2a—¢ are
due to the removal of structural hydroxyl grodpé and the
decomposition of nitrate ions'>16 For TG results, in the
temperature region 250-500, it is clear that there occurred

a minimum amount of weight losses of 15.10 and 13.79%
for CI and CIlII, respectively, compared to the sample ClII
(23.72% weight loss). From the TG results in the temper-
ature region 250-500 it can be pointed out that a good
number of structural hydroxyl groups and carbon moities
were removed accompanying with a maximum amount of
weight loss from the sample Cll compared to Cl and CIIL.

each with a dwell time of 1 h, were recorded. The crystalline
phases developed at different temperatures for the samples
Cl, Cll and CIllI are shown irFFig. 3a(l, I1), b(l, 1) and c(l,

II) respectively. For the sample Cl obtained from rice husk
ashFig. 3a(l)reveals that at 400 and 60G, only the cristo-
balite phase was identified; however, it was also observed by
XRD that crystallisation of cristobalite occurred at 3@

with the heating rate (18C/min) as done in DTA analysis.
With increase in temperature up to 80D a trace amount

of MgAl,04 spinel phase was found in presence of cristo-
balite Fig. 3a(l), and the former phase increased with in-
creasing temperature up to 128D (Fig. 3a(ll)). At 1300°C,

with the disappearance of cristobalite phaae;ordierite
phase was becoming the major phase in presence of minor

The exothermic peaks observed in the temperature region@mount of MgAbO4 spinel phaseHig. 3a(ll)). At 1400°C,

960-1365C for the gel samples ClI, Cll and ClII indicated

almost complete transformation afcordierite phase took

the crystallisation of different phases, as it was revealed Place along with a trace amount of MgAl), spinel phase

from the TG curve, in the temperature region 750-14D0
(Fig. 1a—9, there occurred practically no weight loss. The
first exothermic peak identified at 298 for the sample ClI
(obtained from rice husk ash) was due to the crystallisation

(Fig. 3a(ll).

For the sample Cll obtained from TEOHg. 3b(l)reveals
that up to 800C it remained amorphous. However, crystalli-
sation ofp.-cordierite and MgAJO,4 spinel phase appeared

of cristobalite. The other two exothermic peaks appeared at@t 1000°C and it remained up to 120€ (Fig. 3b(ll).

1039 and 1365C for the sample Cl corroborated to the crys-
tallisation of MgALO4 spinel andx-cordierite, respectively.
For the sample CII, the exothermic peak at 962was due
to the crystallisation of MgAIO,4 spinel andu-cordierité-’
and another exothermic peak at 130 corresponded to
the crystallisation ofx-cordierite. For the sample CllI, the
exothermic peaks observed at 1008 and IZbMhdicated
the crystallisation of MgAIO,4 spinel andx-cordierite, re-
spectively.

It is to be noted that gel samples CI, Cll and CIlI were

With increase in temperature up to 13@) a substantial in-
crease ofx-cordierite took place containing a small amount
of MgAl,0,4 spinel andp.-cordierite Eig. 3b(ll)). A com-
plete transformation ofx-cordierite occurred at 140C
(Fig. 3b(11)).

For the sample ClIlI obtained from fumed sili¢éag. 3c(l)
shows that at 400—80@, some small humps corresponded
to amorphous silica and MgAD,4 spinel appeared. A sharp
crystallisation of MgAbO, spinel occurred at 100@
(Fig. 3c(Il)) and it retained up to 120@ where silica re-

heated separately in Ar atmosphere to the correspondingMained still amorphous. With increase in temperature up
exothermic peak temperatures obtained from DTA results 10 1300°C, a-cordierite substantiated containing a small

with the same heating rate (1G/min) and quenching to

amount MgAbO4 spinel phaseRig. 3c(Il)). At 1400°C,

room temperature as done in DTA analysis. The heatedONly a-cordierite phase was observeeld. 3c(Il)).

Table 2
TG results of the precursor cordierite gel powder

Sample designation

Weight loss (%) at different temperatu@@ fegions

Total wt. loss (%)

30-250 250-500 500-750 750-1400
Cl 22.02 15.10 2.18 0.44 39.74
Cll 21.10 23.72 1.92 0.17 46.91
Clll 22.36 13.79 2.01 0.15 38.21
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Fig. 3. (@) XRD patterns of the powder sample CI obtained from rice husk ash, (I) calcined at 400-80d (ll) calcined at 1000-140C; C:
cristobalite; S: MgA}O,4 spinel; a: a-cordierite. (b) XRD patterns of the powder sample Cll obtained from TEOS, (I) calcined at 400=80@d
(Il) calcined at 1000-140TC; A: amorphous silicap.: p-cordierite; S: MgAbO4 spinel; a: a-cordierite; (¢) XRD patterns of the powder sample CllI
obtained from fumed silica, (I) calcined at 400-8@and (Il) calcined at 1000-140C; A: amorphous silica; S: MgAD, spinel; a: a-cordierite.

From the XRD results it is noteworthy that for the sam- phases of.-cordierite and MgAIO4 spinel. In case of CllI,
ple ClI, crystallisation of silica as cristobalite occurred at the only intermediate phase of MgA), took part in re-
lower temperature (30CC) following the formation of action with amorphous silica at about 10@ towards the
MgAl,0O4 at 1000°C which interacted with the former to  formation of a-cordierite at higher temperature (130D).
generatex-cordierite at 1300C. However, for the sample  The peaks of cristobalite, MgAD, spinel, p-cordierite
Cll, a-cordierite phase generated through the intermediate and a-cordierite observed in the XRD patterns of different
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samples, matched well with the corresponding peaks re-
ported in the JCPDS International Centre for Diffraction

Data, File Nos. 39-1425, 21-1152, 14-249 and 13-293
respectively.

3.3. FTIR spectroscopy
To investigate the structural changes occurred towards

the formation of cordierite through the different phase tran-
sitions of the powders CI, Cll and CllI, each calcined at

Transmittance (%)
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1400°C
o
13OOOC 1400 C

o 1300°C
1900°C

800, 1000, 1200, 1300 and 14900, FTIR studies were per-
formed in the wavenumber range 4000—-400¢nhowever,
the spectra in the wavenumber region 1300-400%ciare
presented for the samples ClI, Cll and CllIkiy. 4a—¢ re-
spectively. For the calcined samples at 800—12ZD0a char-
acteristic shoulder in the region 1100-1000¢nappeared
in all the samples (CI, Cll and Clll) which corresponded

to the presence of Si—O-Si asymmetric stretching vibration

while that observed at about 950-930¢hfor the samples
Cl (Fig. 43 and CIll (Fig. 49 calcined at 1300-140@C
and for the sample CII calcined at 1000-14Q0(Fig. 4b
indicated the character of symmetric stretching of AIO
tetrahedrd. The band at around 770 crh for all the sam-
ples, CI, Cll and CllI calcined at 1300-1400 was due
to the symmetric stretching mode of the Si-O-Si bA8l.

It was clear that the strong bands at around 650 and

600 cn1! for CI, Cll and ClIl were due to condensed AJO
octahedr&d®22 and that appeared around 580 and 470tm

were assigned to the Al-O stretching vibration in isolated

AlOg octahedr&.

For the sample CI and CIll calcined at 800-12Q0
the characteristic bands of MgAD, spinel were observed
at around 800 and 700 cth. For the sample ClI calcined
at 1000-1300C, the absorption bands at around 1085,
935, 700, 460cm! were assigned to the formation of
p-cordierite Fig. 4b while the bands at around 790, 700
and 560cm?! at the same temperature region were the
characteristics of MgAlO, spinel/-?? The characteristic
peaks ofa-cordierite were found at around 1185, 1140,
950, 770, 680, 615, 580, 480 and 430¢nfor the samples
Cl, Cll and CllI calcined at 1300-140C (Fig. 4a—g.

3.4. 2’Al and 2°S MAS NMR spectroscopy

Fig. Sapresentg’Al MAS NMR of Cl, Cll and CllI cal-
cined at 800C/1 h dwell each. The temperature at 8@
was chosen to investigate the relative abundance of JAIO
tetrahedra and [Alg] octahedra and the ordering of [SID

Transmittance (%)
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\ |
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Fig. 4. (a) FTIR spectra of the powder sample ClI obtained from rice husk
ash calcined at different temperatures (800—140)0) S: MgAl,O4 spinel;

a: a-cordierite; (b) FTIR spectra of the powder sample Cll obtained
from TEOS silica calcined at different temperatures (800—24)0 .
w-cordierite; S: MgApOs spinel; a: a-cordierite; (c) FTIR spectra of
the powder sample CIII obtained from fumed silica calcined at different
temperatures (800-140Q); S: MgAl,O4 spinel; a: a-cordierite.

intensities of [AlQ;] octahedra was maximum for CI ob-
tained from rice husk ash and it was decreasing for ClI

tetrahedra in the structure before the formation of cordierite obtained from TEOS and CIll obtained from fumed silica,
at higher temperature. The peak in the region 55-77 ppmwith a predominant intensity of four-coordinated AlO

was attributed to the tetrahedrally co-ordinated Al sites,
Al(IV) whereas the peak around?2 to 10 ppm was assigned
to octahedrally co-ordinated Al sites, Al(VA}26 The
small shift in the spectradg. 59 resulted due to the nature
of the environment in which Al(IV) and/or Al(VI) interacted
with [SiO4] tetrahedra. It is to be noted that the relative

Al(IV) in CIl. The maximum abundance of [Alg) octa-
hedral unit in CI (obtained from rice husk ash) preferred
to interact with [MgQ] octahedral unit’ rather than
[SiO4] tetrahedral unit leading to initiation of crystallisa-
tion of MgAIl,O4 spinel as observed from XRD results in
Section 3.2
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Fig. 5. (a) 2’Al MAS NMR spectra of the samples ClI, CIl and CllI
obtained from different sources of silica calcined at 800L h each. (b)
295i MAS NMR spectra of the samples Cl, CIl and Clll obtained from
different sources of silica calcined at 800/1 h each.

Fig. 5b shows2%Si MAS NMR spectra of ClI, Cll and
CllI calcined at 800C/1 h dwell each with the appearance
of peak positions at-109.5,—92 and—86.7 ppm, respec-
tively. The peak position at-109.5ppm for Cl was due
to Q" state®30 for SiQ4 tetrahedra with Si (OAI) or Si

Fig. 6. (2) SEM photomicrograph of cordierite powders obtained from
rice husk ash (Cl), calcined at 1400/1 h. (b) SEM photomicrograph of
cordierite powders obtained from TEOS (Cll), calcined at 1404 h. (c)
SEM photomicrograph of cordierite powders obtained from fumed silica
(Clll), calcined at 1400C/1h.
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(4Si) forming [Si(OSi)].3° The peak position at around for the sample ClI obtained from TEOS, the mean particle
—109 ppm was due to the formation of cristob&ftand it size was 530 nm with a narrow size distribution from 490 to
was also confirmed by XRD results 8ection 3.2The peak 580 nm Fig. 7b and the corresponding mean size of 145 nm
position at—92 ppm for ClI represented Qstate®30 for with a size distribution from 90 to 205 nm was observed for
[SiO4] tetrahedra with Si (3Al) forming a ring structure of the sample CliI obtained from fumed silickig. 79.
[Si(OAI)3(0Si)].2132 In this structure each Si atom was po-

sitioned with the next nearest neighbours of three Al atoms. 3.7. Conversion of gel to oxide powders—a tentative

For the sample ClII, the peak position-a86.7 ppm was due  reaction steps

to @ staté®30 for SiOy tetrahedra with Si (2Al) forming

a chain structure of [Si(OA}(OSi)].3%32 In this structure For the conversion of gel to oxide powders from three dif-
each Si atom was positioned with the next nearest neigh-ferent sources of silica, i.e. rice hush ash, TEOS and fumed
bours of two Al atoms. From the above observation it is to silica, DTA and XRD results confirmed the intermediate

be noted that as there was poor intensity of [l@trahe- crystallisation of different phases at different temperatures
dra (observed fromd’Al MAS NMR) in Cl, instead of Al, towards the formation af-cordierite (discussed iBections
the four Si atoms are next nearest neighbour of Si. 3.1 and 3.2 FTIR study (as discussed Bection 3.3 con-
firmed the characteristic bands of Si—-O-Si symmetric and
3.5. Scanning electron microscopy (SEM) asymmetric stretching vibration in SiQetrahedra, Al-O

bonds in AIG octahedra and Al@tetrahedra in the final
The SEM photographs of cordierite powders obtained product of a-cordierite. It could be proposed that during
from rice husk ash, TEOS and fumed silica, calcined at the transformation of gel to oxide powders, the cordierite
1400°C each are shown iRig. 6a—¢ respectively. The par-  was formed through different interactions of gi@trahe-
ticles were irregular in shape and agglomerated in characterdra, AlOs tetrahedra, Al@ octahedra and Mgéoctahedra.
in all the samples; there appeared no distinguishable mor-It was supported by’Al and 2Si solid state NMR study of

phology for three different sources of silica. different materials i.e. Cl, CIl and CIlI calcined at 800
(discussed irBection 3.4. From the results of DTA, XRD,
3.6. Particle size distribution FTIR and NMR studies, a tentative reaction pathway was

established towards the formation @fcordierite.
A comparatively wide size distribution, i.e. 105-290nm  In case of CI obtained from rice husk ash, silica crys-
with a average particle size of 180 nm was found for the tallised as cristobalite at 30€. The MgALO4 spinel was
sample Cl obtained from rice husk ash sili€g 79 while formed at about 1040C with the interaction of [AlG]

15[ 100
9 ~
> 10 €
2 g
5 5 sor
< 5L =
0 0
50 100 500 100 500 1000
(a) Diameter (nm) (b) Diameter (nm)
60~
R
=
g 401
S
i=
20—
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(c) Diameter (nm)

Fig. 7. (a) Particle size distribution of the powder sample Cl obtained from rice husk ash, calcined a€1400(b) Particle size distribution of the

powder sample Cll obtained from TEOS, calcined at 1404 h. (c) Particle size distribution of the powder sample ClII obtained from fumed silica,
calcined at 1400C/1h.
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and [MgQs] octahedra following the transformation of
a-cordierite at 1368C with the interaction of cristobalite
and MgAbOy spinel.

(i) [SiO4] — Cristobalite (at 300C);
(i) [AIO 6] + [MgOe] — MgAIL04 spinel (at 1040C);
and
(i) Si(OAl) 2(OSi), + MgAI>04 spinel— «a-cordierite (at
1365°C).

For the sample Cll obtained from TEOS at 8@) [SiOy]
tetrahedral unit interacted with [AKD tetrahedral form-
ing [Si(OAl)30Si] species followed by its reaction with
[MgOs] octahedral at about 96@ resulting the formation
of p-cordierite. At this temperature (96C), [AlOg] octa-
hedral underwent the reaction with the remaining [MyO
octahedral forming MgAIO, spinel. The transformation of
a-cordierite was formed at about 1320 with the interac-
tion of p-cordierite and MgAJO4 spinel.

(iv) [SiO4] + [AIO4] — Si(OAl)3(OSi) (at 800C);
(v) [SI(OAD3(OSi)] + [MgOs] — p-cordierite (at
960°C);
(vi) [AIOg] + [MgOg] — MgAIl204 spinel (at 960C); and
(vii) p-cordierite + MgAI204 spinel — «-cordierite (at
1320°C).

For the sample CIII obtained from fumed silica, [SIO
tetrahedra reacted with [Al{] tetrahedra at 800C form-

ing [Si(OAI)2(OSi)] species. However, [Alg] octahedral
species took part a complete reaction with [Mg@cta-

hedra at about 101 to generate MgAlO4 spinel. The
a-cordierite was formed at about 136D with the interac-
tion of Si(OAl)2(OSi) and MgAbQO4 spinel.

(viii) [SiO4] + [AIO4] — Si(OAl)2(OSi), (at 800°C);
(ix) [AlOg] + [MgOg] — MgAI,04 spinel (at 1010C);
and
(x) Si(OAl)2(OSiy + MgAI,04 spinel — «-cordierite
(at 1360°C).

4. Conclusion

1. Cordierite (MgAl4SisO1g) powders were synthesised
by using three different sources of silica: (i) utilising

agro-based ‘waste’ material-rice husk ash; (i) TEOS; and g
(i) fumed silica and with other water-based precursor

materials following sol-gel technique.
2. Crystallisation ofa-cordierite from rice husk ash sil-

ica source occurred through the intermediate phases of,

cristobalite and MgAIO, spinel while that took place
via the intermediate phasesofcordierite and MgAJO4
spinel for TEOS source and Mg#D, spinel for fumed

silica source. The above results were supported by DTA, 13-

XRD and FTIR studies.
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in SiO4 tetrahedra, Al-O bonds in Al§octahedra and
AlO4 tetrahedra for the powders obtained from different
sources of silica at different calcination temperatures.

4. The structural environment of Al and Si for the powders
obtained from different sources of silica was confirmed
by 2’Al and ?°Si solid state MAS NMR spectroscopy.

5. An irregular and agglomerated morphology of the par-
ticles were observed by SEM for all the samples, and a
wide size distribution of the particles was found for the
samples obtained from rice husk ash silica source.

6. A tentative reaction steps in conversion of gel to oxide
powders obtained from three different sources of silica
was established with the supporting evidences of DTA,
XRD, FTIR, and?’Al and 2°Si solid state MAS NMR
studies.
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