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Abstract: One-dimensional mullite particles were synthesized by sol-gel method from hydrous- aluminum chloride
(AICl; - 6H,0) and tetraethoxysilane (TEOS) as raw materials and WO, as catalyst. WO, had a desired effect on the aniso-

tropic growth of mullite particles by forming aluminum tungstate ( AIWO, ) as growth template at low temperature, which was

greatly dependent on the precursor pH. NMR results indicate that the pH during gelation can highly influence the homogeneity

of precursor, mullite formation and microstructural features. One-dimensional mullite particles are-significant only when the

precursor pH is lower than 7. Morphology of the mullite particles synthesized with pH=7 transforms from anisotropy to isotropy

and platelike.
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One-dimensional nano-sized mullite particles are at-
tractive to high temperature applications owing to its rela-
tively high chemical stability, good refractory properties,
high temperature mechanical strength and low thermal
expansion coefficient'*. During all the reported proces-
ses of preparing mullite fibers, sol-gel method is the ri-
pest technique due to its good homogeneity, low crystal-
lization temperature and high purity “of products'*®'.
Some investigations have been in progress on the mor-
phology development of mullite by Al,0;-Si0, sol-gel

system at different pH conditions *"".

Generally,. it is
well accepted that the hydrolysis-and condensation of
source materials ( consequently.the homogeneity )\ are
significantly dependent on-pH conditions, further influ-
encing the crystallization sequence and morphology evo-
lution of mullite products.

Recently, it-is'reported that WO, is an effective cat-
alyst inducing the one-dimensional growth of mullite by

forming AIWO, as growth template>*"’

However, in
the present work, the morphology of mullite particles
prepared by WO, -catalyzed sol-gel system is greatly de-
pendent on the precursor pH. One-dimensional nanocol-
umns were synthesized largely only under acidic condi-
tions. Although the effect of precursor pH on synthesi-

zing and morphology of sol-gel processed mullite has

been studied widely'®”".

It is noticed that the relation-
ship_between precursor pH and catalytic effect in WO,-
catalyzed sol-gel system have not been well character-
ized. The varations-of ‘morphologic development in dif-
ferent pH/ range is not explained as yet. In this study,
one-dimensional mullite nanocolumns were prepared by
sol-gel method with Smol% WO, as catalyst. Citric acid
(C,H,O, - H,0) and ammonia water ( NH,OH) were
added’ into the precursor sols to control the pH in the
range from 1 to 14. The catalytic effect of WO, , synthe-
sizing behavior and morphology evolution under different

pH conditions have been extensively investigated.

1 Experiment

Commercially available AICl; - 6H,0 and TEOS

were used as the raw materials with n ( AICl; ) :
n(TEOS):n(H,0) =3 :1: 80. Ammonium tungstate
(N,H;,W,0,, - H,0) was employed as catalyst resource
of WO, whose concentration was S5Smol% of Al. Precursor
pH of the sols were controlled at pH =1, 4, 7, 10, 14.
The source solutions were mixed and stirred at room tem-
perature for 8h and then kept at room temperature for
4-10d. The obtained gels were baked at 80°C for 7d then

transferred into a graphite crucible. The crucible was
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placed into a tube furnace and heated at a rate of
10°C/min up to 1400°C and the chamber was flushed
with pure N, atmosphere at a flow rate of 1500mL/min.
Finally, the furnace was allowed to cool down naturally
to room temperature.

The thermal analysis of the gels has been carried out
up to 1200°C in N, atmosphere at a rate of 10°C/min by
Differential Scanning Calorimetry (TG/DSC, NETZSCH
STA 409 PC/PG, Germany). The nuclear magnetic reso-
nance (NMR, Avance 300, Bruker, Germany) was car-
ried out on a spectrometer operating at 104. 2MHz for
*’Al. The phase transformation and microstructure of mul-
lite particles was studied by X-ray diffractometer ( XRD),
D8 Advance, Bruker AXS, Germany) and scanning elec-
tron microscope (SEM, LEO 1530, Germany) equipped
with the energy dispersive X-ray spectra (EDS).

2 Results and discussion

Figure 1 shows the TG/DSC analysis of all the as-
dried gels prepared under different pH conditions. The
endothermic peaks occurred at 200°C were considered as
the dehydration of aluminum hydrate and absorbed water.
A sharp exothermic peak at about 822°C followed by “a
small one at about 962°C were observed for as-dried gel
with precursor pH =1 (acidic sample hereinafter). Ac-

11", the first peak was relat-

cording to Schmiicker, et a
ed to the formation of y-Al, O, and the second one indica-
ted the formation of mullite phase. With the increase of
pH to 14 (basic sample hereinafter)’, the formation tem-
perature of y-Al,O; and mullite gradually raised to-943°C
and 1082°C , respectively.. The variation of formation tem-
peratures are -probably caused by the different precursor
homogeneity, which can be demonstrated by NMR.

TG curves ‘of -all as-dried gels present almost the
same mass loss (~22wi% ) with a sudden change of
about 3wt% at 860°C. Noticing that the molar concen-
tration of WO, added in precursor is Smol% and the
weight composition is calculated to be 4wt% , which is
close to the sudden weight loss rate. So it is probable
that the delayed mass loss is deduced to the volatilization
of WO,. Figure 2 shows the EDS results of acidic sample
sinteres at 800°C and 1000°C. Tt is clear that no tung-
sten could be detected after sintering at 1000°C. Combi-
ning the TG results, it is reasonable that the sudden
mass loss happened at 860°C is caused by the volatiliza-
tion of WO;.

Figure 3 (a) shows the XRD patterns of acidic sam-

ple sintered at different temperatures. After sintering at
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Fig.1 TG/DSC curves of all as-dried gels prepared at (a) pH =
1, (b) pH=4, (c¢) pH=7, (d) pH=10 and (e) pH=14
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Fig. 2" EDS results of acidic sample sintered at 800°C and

1000°C
900°C, broad XRD peaks of y-Al,O; coexisting with a

track amount of AIWO, are obtained simultaneously.
Mullite phase is observed through sintering at 1000°C ,
coexisting with y-Al,0,. Further increasing of sintering
temperature from 1100°C to 1400°C leads to the disap-
pearance of y-Al,0; and distinct split of (120) and
(210) peaks, which is apparently corresponded to well-
crystallized orthorhombic structure.

Figure 3(b) shows the XRD patterns of basic sam-
ple sintered at different temperatures. Broad peaks of
v-AlL,O; appear at 1000°C. Mullite phase first appears at
1100°C coexisting with a large amount of corundum.
Cristobalite phase is formed at 1200°C. Further increas-
ing of heating temperature leads to the absorption of cris-
tobalite and corundum by re-crystallization of mullite. It
is noticed that no AIWO, phase is observed in the pH
range. These differences may be due to the different
homogeneities of precursors during gelation.

Figure 4 (a) and (b) displays a large amount of
anisotropic mullite nanocolumns prepared under acidic

conditions. Further increasing of precursor pH leads to
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Fig.3 XRD patterns of (a) acidic samples and (b) basic samples sintered at different temperatures
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Fig.4 SEM images of mullite precursors prepared-at (a) pH=1, (b) pH=4, (¢) pH=7,
(d) pH'=10 and () pH =14 and sintered at 1400°C for 2h

the appearance of isotropic-particles. For instance, in
Fig. 4 (c), although mullite nanocolumns can be ob-
served somewhere , isotropic particles have become the
primary morphology. In'Fig. 4(d) and (e), the aniso-
tropic mullite particles have disappeared. A large
amount of isotropic particles are observed in Fig. 4(d) ,
and further develop to platelike, as shown in Fig. 4(e).

It has been reported that WO, has a strong tendency
to induce the one-dimensional growth of mullite by for-
mation AIWO, at low tempreature of 1000°C °*". How-
ever, in the present work, AIWO, phase is formed only
under acidic condition. The variations are probably
caused by the different local homogeneity in the transfor-
mation from gel to mullite, which can be characterized
by * Al NMR spectra, as shown in Fig 5.

The NMR spectra of acidic sample (Fig. 5 (a))
heat-treated below 900°C are similar to those of amor-

phous aluminosilicate with three typical spectra peaks at

§=0, 28 and 60", The resonances at § =0 and 60 are

attributed to AI’* in 6- and 4-fold coordination, respec-
tively. The resonance at § =28 was often ascribed to dis-

torted tetrahedral site associated with AI’* in triclusters

13+ [12]

causing by the incorporation of AI’* in Si** sites
The appearance of resonance at § =28 reveals that some
AI’" enter into silica gel network, indicating that the
mullite precursor has near atomic level homogeneous
mixing' """, Sintering at 900°C leads to the disappear-
ance of peak at § =28, suggesting that amorphous alumi-
nosilicate has transformed to y-Al,O, at this tempera-
ture. No obvious changes are observed by sintering at
1100°C.

On the contrary, the Al NMR spectra of basic
sample (Fig.5 (b)) heated at 200°C only display two
strong peaks at § =0 and 60. The absence of resonance
at 6 =28 indicates less homogeneity and the segregation
of alumina and silica components under basic condi-

[11-12

tion'""*’. With the temperature increasing from 400°C to

900°C , resonance at § = 2 8 appears , although the peak
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Fig.5 * Al NMR spectra of (a) acidic sample and (b) basic

sample heat-treated at different temperatures

is very weak. Only one strong peak at § =0 appears after
sintering at 1100°C , which is caused by the formation of
corundum.

It is well accepted that the aluminum coordination
in aluminosilicate gel is related to their homogeneity.
The resonances at § = 28 and 60 reflect the uniform
Al/Si dispersion of the precursor and the efficient incor-
poration of aluminum into the tetrahedral silicate net-

k"2 NMR results demonstrate that the homogene-

wor
ity of acidic precursor is much higher than that of basic
precursor, which is the cause of lower formation temper-
atures of y-Al,0; and mullite under acidic condition:
According to the above results, the effect/of precur-
sor pH on one-dimensional growth of mullite prepared by
WO, -catalyzed sol-gel system may be speculated as
follows; When gels are prepared at high acidic pH, the
higher homogeneity leads to the-earlier ‘appearance’ (of
v-Al,O,, which reacts with-WO; forming AIWQ, as \a
growth template and further induces the one-dimensional
growth of mullite. While under basic condition; due to
the less homogeneity-of precursor and the segregation of
alumina component, the formation temperature of
v-Al, O, is higher than the volatilization temperature of
WO,. WO, has been volatilizing from gel before the for-
mation of AIWO,, leading to the absence of AIWO,

framework and the depression of one-dimensional growth

of mullite. The segregated alumina and silica compo-
nents crystallize in their own paths to corundum and cris-
tobalite. Mullite is formed largely later through solid

state reaction of crystalline components.

3 Conclusions

One-dimensional mullite particles have been synthe-
sized by simple sol-gel method. WO, acted as an effec-
tive catalyst only under acidic condition due to the better
homogeneity of precursor and earlier appearance of
v-Al,0,. AIWO, has a three-deminsional framework , in-
ducing one-dimensional “growth of mullite particles.
However, under basic condition, WO, largely volatilized
before the formation’ of \AIWO, , the lack of growth tem-

plate led to the disappearance of anisotropic particles.
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