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H3yueno coocasricoenue ammuakom 2uOpamupo8annbvlx hopm oKcuo08 anioMuHuA u Kpem-
Husa. Tepmozpammol 8bICYUIEHHO20 COOCAIHCOEHHO20 NPOOYKMA NOKA3AIU, YO NPU HUSKUX memne-
pamypax (00 ~300 °C) umencsa nabop c1ado evlpa)xtceHHvIX NUKOE 0N 0ecuopamavuuu aocopouposan-
HOIl U 2UOPAMHOIL 800bl. 3amem HAOII00AN0CH nilasHoe yoaenue 600bl 00 ~600 °C, coomeemcmeo-
eaguiee nepexody zudpokcud anwomunus AI(OH); — monozuopam (6émum) y-AIOOH. Bnocneo-
cmeuu macca npodvl 0CMAGANACy NOCHMOAHHOU, ROIMOMY HADI00AeMble IKIOmepMUIecKue NUKU
Moznu Ovimp évi3eanvl 0opazoseanuem winutenu (okono 900 °C) u kpucmannuzayuei Myaiuma u3
winunenvnol ghazwl (vtue 1200 °C). Ilocne npoxanueanus npu 900-1000 °C npeoonadana anomo-
cunuKkamuasn wnuneavnan paza co cmpykmypoii y-Al,Os, xoms nposensanuce ciadvle npusHaKu Kpu-
CManIu4ecKo20 Myaiuma. Bvicokaa oucnepcrocms 2udpamupoeannbix uacmuy 0KCu008 anroMuHUs
U KpeMHUA Npeoonpedenand ux 3HauumeapHylo peakyuonHuylo cnocoonocms. B pesynomame myn-
UM NOAGNAICA NPU OMHOCUMENbHO HU3KOU memnepamype. Ocmpiule RUKU, KOMOpPble OMHOCUTUCD
K 00HO(A3HOMY OPMOPOMOUYECKOMY MYLTUMLY, PecUCmPUposanucs, Hayunas ¢ 1150—1200 °C; ¢ mo
JHce epems peghnexcol winunenu npakmuiecku ucyesanu. Haubonee unmencuenvie pasoguie usmene-
Hua npoucxoounu ¢ ouanaszone 1100-1200 °C. Ilonoscenus u unmeHCUBHOCHIbL NUKOG XOPOUWLO CO-
2714CO8BIBATIUCH CO CRPAGOUHBIMU OAHHBIMU 0113 Myauma. Onpedenenvl napamempul Kpucmaiiuye-
cKoll pewtemku Imoii pasvi. Cpeonuit pazmep Kpucmaniiumos Haxoouncs é npedenax om 6,3 Hm npu
1100 °C 00 7,4 nm npu 1200 °C. Paccuumannoe neu3omepmuuecKum Memooom (no ypagnenuio Ae-
pamu) 3Hauenue IPPeKmueHol InepIUL AKMUBAUUU KPUCMAIAUIAUUU MYIAIUMA COCHIAGUTIO
(740 £ 40) K/Inc/mons, umo xopouto coznacyemcs c nepzueii akmusayuu oup@yzuu uonos Si** ¢
cnoe myanuma (om 730 0o 780 k/[rc/monb no numepamypHsim 0annwvim). Modricno npeononoicums,
umo npouecc numumuposancsa ougysueii uonog Si*'.

KiroueBble ciaoBa: MYJUIUT, CUHTE3 COOCAKACHUCM, I'CTCPOrCHHOC COOCAXKACHUC, KWHCTUKA KPUCTAJI-
JIM3al, YpaBHCHUC ABpaMI/I, OHEPrus aKTUBAIUN

PHYSICO-CHEMICAL STUDY OF THE BEHAVIOR
OF A MULLITE PRECURSOR SYNTHESIZED WITH CO-PRECIPITATION

N.V. Filatova, N.F. Kosenko, M.A. Badanov

Natalya V. Filatova*, Nadezhda F. Kosenko, Maxim A. Badanov

Department of Technology of Ceramics and Nanomaterials, Ivanovo State University of Chemistry and Tech-
nology, Sheremetevskiy ave., 7, lvanovo, 153000, Russia
E-mail: zyanata@mail.ru*, nfkosenko@gmail.com, m.badanov90@gmail.com

The co-precipitation of hydrated forms of aluminum oxide and silica with the addition of
ammonia has been studied. Thermal curves of a dried co-precipitated product showed that at low
temperature (up to ~300 °C) there was a set of clearly defined endothermic peaks which resulted
from dehydration of adsorbed and hydrated water. Then, a gradual removal of water was observed
up to ~ 600 °C, which corresponded to the transition aluminum hydroxide AI(OH); — monohydrate

ChemChemTech. 2021. V. 64. N 11 97



H.B. ®unarosa u np.

(boehmite) y-AIOOH. After it, the sample weight remained constant, and exothermic peaks were
because of the spinel formation (about 900 °C) and the mullite crystallization from the spinel phase
(above 1200 °C). After calcination at 900—1000 °C, the Al-Si spinel phase of y-Al,Os type was dom-
inated, though some slight signs of crystalline mullite were already appeared. The high dispersion
of hydrated alumina and silica particles determined their considerable reactivity. It resulted in the
mullite appearance at a rather low temperature. Sharp peaks which concerned to single orthorhom-
bic mullite were registered since 1150-1200 °C. At the same time, the spinel reflexes practically
disappeared. The most intensive phase changes were in the range of 1100-1200 °C. The peak positions
and intensity of calcined products agreed well with the reference data for mullite. Its lattice param-
eters were determined. The average crystallite size was ranged from 6.3 nm at 1100 °C to 7.4 nm at
1200 °C. The effective activation energy was calculated by non-isothermal method (Avrami equa-
tion) as (740 + 40) kJ/mol. This magnitude was in a well accordance with the activation energy
values for the diffusion of the Si** ions in the mullite layer which were estimated to range from 730
to 780 kJ/mol (literature data). So, one might assume that the limiting stage was just the diffusion

of the Si*" ions.
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INTRODUCTION

Mullite 3AI>032Si0; is the only compound in
the system Al.O; — SiO, which exists at atmospheric
pressure. It has unique physical and chemical proper-
ties and technological possibilities such as high melt-
ing point, excellent high temperature mechanical prop-
erties, good chemical and thermal stability, high creep
resistance, high corrosion resistance even in harsh en-
vironments, low thermal expansion associated with ex-
cellent thermal shock resistance, and low thermal and
electrical conductivity, dielectric properties, etc. [1-9].
So, mullite is among the most studied binary oxides.

Mullite is synthesized by means of different
ways, namely: solid-phase reaction [10, 11], arc
plasma melting [12], spark plasma sintering [13], mi-
crowave-assisted synthesis [14], mechanochemistry-
aided [15], spray pyrolysis [16], molten media [17], etc.

During recent years, a considerable quantity of
studies was devoted to the obtaining of precursors,
simplifying the following mullite synthesis. Among
them it should be noted works on nucleation and
growth processing using various suspensions such as
sol-gel systems [18, 19], coprecipitated dispersions
[20, 21]. These methods allow to obtain fine precipi-
tates which can sinter at lower temperatures. At the
same time, it is achieved a high homogeneity and a
heightened purity ensuring improved and reproducible
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properties of ceramic materials at decreased tempera-
tures. Kinetics and mechanism of the mullite formation
and crystallization are also under consideration [22-29].

The present study mainly concerns the behav-
ior of mullite precursor synthesized by coprecipitation
with ammonia. There was also tried to value an activa-
tion energy for mullite crystallization from obtained di-
phasic suspension.

MATERIALS AND EXPERIMENTS

Sodium metasilicate pentahydrate Na,SiOs-5H,0,
analytical grade, had the common alkalinity in terms of
Na,O 28-30; module SiO2/Na,O 0.9-1.0; iron in terms
of Fe>Os no more than 0.02%; insoluble in water im-
purities 0,01-0,06; water no more than 45.

Aluminum nitrate nonahydrate AI(NOs)3-9H.0,
analytically grade, in the form of 0.25 M solution in a
distilled water and aqueous colloidal silica, derived
from sodium metasilicate pentahydrate by an ion ex-
change method, were mixed together under stirring.
The relative amounts of Al,Osz and SiOwere chosen to
be equal to the composition of mullite 3AI>03-2Si0s..
The ammonium hydroxide solution (chemically pure,
6 M) was added to a mixed solution under constant stir-
ring to pH 6.5-7. The precipitate was filtered, washed
with distilled water, filtered again, and dried at 100-
105 °C to a powder which was ground in a mortar.
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Dried precursors were heated (calcined) at a
rate of 10 °C/min in air atmosphere up to required tem-
perature in a muffle oven SNOL 1300/1600.

XRD-patterns were obtained using a diffrac-
tometer DRON-6 with a copper target (A = 1.54 A), a
graphite diffracted beam monochromator, and a work-
ing voltage and current of 40 kV and 100 mA, respec-
tively. XRD peaks for 26 16.48, 26.31, 31.10, 33.31,
35.39, 37.14, 39.38, 41.01, 42.73 corresponded to or-
thorhombic lattice planes of mullite (110), (210),
(001), (220), (111), (130), (201), (121), (230), respec-
tively (BRUFF ID R141103.9). The quantitative XRD
analysis was made analyzing mullite reflexes using
calcium fluoride as an internal standard.

Differential thermal analysis (DTA/DSC) and
thermogravimetric analysis (TGA) were performed in
a computer-controlled instrument (model TGA/
SDTAB851¢/LF/1600); crucible 700 mkL; air blow
50 mL/min; temperature program up to 1400 °C at vari-
ous heating rates (1, 3, 5, 10, 15, 20, 30, and 50 °C/min).

RESULTS AND DISCUSSION

During ammonia addition there was the co-
precipitation of hydrated forms of alumina and silica.
Even after drying the precipitate kept a considerable
quantity of water. Figure 1 shows DSC and TG curves
of a dried coprecipitated product. At low temperature
(up to ~300 °C) there was a set of clearly defined en-
dothermic peaks which resulted from dehydration of
adsorbed and hydrated water. Then a slow water re-
moval up to ~600 °C corresponded to alumina trihy-
drate Al(OH); — monohydrate (boehmite) AIOOH
transformation. After it, the sample weight remained
constant, and exothermic peaks were because of the
spinel formation (about 900 °C) and the mullite crys-
tallization from the spinel phase (above 1200 °C).

279.6
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Temperature /°C
Fig. 1. TG-DSC curves of a dried co-precipitated product
Puc. 1. Kpusbie TI" u ICK a7t BEICYIIEHHOTO COOCAXKICHHOTO
MPOJYKTa

ChemChemTech. 2021. V. 64. N 11

N.V. Filatova et al.

Fig. 2 shows the X-ray diffraction analysis
(XRD) patterns of the mullite precursors calcined from
800 to 1200 °C for 2 h. The results of the XRD indi-
cated that before 800 °C there were only amorphous
phases. The wide amorphous band at 26 = 20-22° may
be related to amorphous silica.
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Fig. 2. XRD patterns of mullite precursors calcined at various
temperatures. Marks o denote spinel phase of y-Al203 type. The
rest refers to mullite
Puc. 2. IndpakrorpaMMbl IpeKypCOPOB MYJUIUTA, TPOKAJICHHBIX
MIPH Pa3MYHBIX TeMIepaTypax. 3HaYKH O 03HAYAIOT IITHHETb-
Hyto ¢azy tuna y-Al203. OcTalibHbIE THKH OTHOCATCS K MYJUTHTY

After calcination at 900-1000 °C, the Al-Si
spinel phase of y-Al,Os type was dominated, though
some slight signs of crystalline mullite were already
appeared. The high dispersion of hydrated alumina and
silica particles determined their considerable reactiv-
ity. It resulted in the mullite appearance at a rather low
temperature. Sharp peaks which concerned to single or-
thorhombic mullite were registered since 1150-1200 °C; at
the same time, the spinel reflexes practically disap-
peared. The most intensive phase changes were in the
range of 1100-1200 °C (Fig. 2, Table 1). The peak po-
sitions and intensity of calcined products agreed well
with the reference data for mullite.
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Table 1
The phase changes in the co-precipitated mullite
precursor composition
Tabauya 1. ®a3oBble N3MEeHEHHsI COCTaBa
COOCAKAEHHOI0 NpeKypcopa MyJLJIMTA

Temperature, Phage content, %
oC X-ray amor- |Spinel of y-Al;03 Mullite
phous type
800 100 0 0
900 45 47 8
1000 33 56 11
1100 14 59 28
1200 2 3 95
1300 0 0 99
1400 0 0 100

X-ray amorphous phase can represent amor-
phous substances or crystals with very small dimen-
sions of coherent-scattering region and/or having a lot
of defects. Its quantity mam was calculated by equation:

Mam = 100 — Zmy, (1)
where m; — total content of crystalline phases.

The lattice parameters of this phase were de-
termined to be a = 0.7553 nm, b = 0.7668 nm, and
¢ =0.2881 nm, agreeing with the data of stoichiometric
mullite (BRUFF ID R141103.9): a = 0.75520 nm,
b =0.76660 nm, and ¢ = 0.28760 nm.

The crystallite size D of powders was esti-
mated according to the Debay-Scherrer equation:

D = 0.90M/B cosb, 2
where A — X-ray wavelength; g and 0 — full-width-at-
half-maximum (FWHM) of an observed peak and dif-
fraction angle, respectively.

The calculation of the average crystallite size
was made using the strongest mullite reflexes. The re-
sults showed that D value was ranged from 6.3 nm at
1100 °C to 7.4 nm at 1200 °C.

In the paper [30] there was analyzed the mul-
lite formation kinetics from precursors obtained by
means of sol-gel method. Reaction kinetics in diphasic
and monophasic gels was compared. It was ascertained
that the mullite formation in diphasic gels could be de-
scribed by the Avrami equation, which was character-
istic of the crystal growth mechanism controlled by the
diffusion. This process started at ~1250 °C and had the
activation energy about 10% kJ/mol. As under coprecip-
itation we obtained a microheterogeneous suspension,
i.e. diphasic system, it attempted to get the activation
energy E. according to the Avrami equation:

2
In (M) = I, 3)

where Trax — temperature of the exothermic peak which
related to the mullite formation on the DSC curve, h—heat-
ing rate, K/sec, R — universal gas constant (8.314 J/mol-K);
A — preexponential factor of the Arrhenius equation:
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k = A exp(-E«/RT), (@))

where k — a reaction rate constant.

According to the equation (4) the activation
energy E. can be determined by the slope ratio tga of

Tihax 1
the in (T) " Tomax

Examples of DSC curve fragments for some
mullite forming suspensions synthesized at pH 6.5 are
given in Fig. 3.

graph. E, = R-tga.

1180 °C

exo

h=1°C/min

1217°C

h=5°C/min

1274°C

DSC

h=50°C/min

endo

T
950 1000 1050 1100 1150 1200 1250 1300 1350 1400

Temperature /°C
Fig. 3. DSC curve fragments for some mullite forming suspen-
sions synthesized at pH 6.5 at various heating rates of samples
Puc. 3. ®parments! kpuBblx ATA mis MOC, cuHTE3upOBaHHBIX
npu pH 6,5, mpu pa3nuaHO CKOPOCTH HarpeBaHUs 00pa3IoB

The crystallization of amorphous substances is
always accompanied by the heat release that is ex-
pressed as exothermal effect on the DTA/DSC curve.
Under heating rate increase the DTA/DSC curve devi-
ation which was related to a phase transformation was
shifted to the higher temperatures. Fragments which
are shown on Fig. 3 differ by the heating rate during
dependence registration.

Experimental and calculated data are given in
Table 2.

Table 2
Data for the activation energy determination by the
Avrami equation
Tabuuna 2. [lanHbIe 1715 ONpeie/IeHUs] JHEPT UM
AKTHBAIMHU 10 YPABHEHHI0 ABpaMH

Tmax, °C T, K h, K/min
1180 1453 1
1203 1476 3
1217 1490 5
1223 1496 10
1242 1515 15
1252 1525 20
1260 1533 30
1274 1547 50
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The Avrami plot of the mullite crystallization
from coprecipitated mullite precursors is shown on
Fig. 4.
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Fig. 4. The Avrami plot of the mullite crystallization from co-pre-
cipitated mullite precursors at pH 6.5
Puc. 4. 3aBucuMocTh B KOOpIUHATaX ypaBHEHUS ABpaMu JUIs
Ipouecca KpucTtajindalluy MyJIJINTa U3 COOCAXKIACHHBIX MTPEKYP-
COpOB MyJUIUTA

The slope ratio tga was equal to 8§89.0 + 4.6.
Therefore, the calculated value of the effective activa-
tion energy was (740 = 40) kJ/mol. This magnitude was
in a well accordance with the activation energy values
for the diffusion of the Si** ions in the mullite layer
which were estimated to range from 730 to 780 kJ/mol
[22]. So, one might assume that the limiting stage was
just the diffusion of the Si** ions.

CONCLUSION

A mullite precursor in the form of a microhet-
erogeneous suspension was synthesized by coprecipi-
tation with ammonia from an aluminum nitrate solu-
tion and colloidal silica. The obtained suspensions had
a higher reactivity because of the considerable disper-
sion and an amorphous structure. The chemically pre-
cipitated mullite precursor transformed easily into
mullite during a heat treatment. It was suggested the
following sequence of the mullite formation from a co-
precipitated by ammonia precursor at pH 6.5: amor-

phous phase 222, AI-Si spinel of y-Al,Os type

2h
1100—-12 ° . . .
10120 € -, erystallized mullite. The final product

was the stoichiometric orthorhombic mullite with pa-
rameters corresponding to reference data. The results
obtained by means of the X-ray diffraction method and
the thermal analysis are in accordance together.

The effective activation energy of the mullite
crystallization from a mullite forming suspension was
calculated by the Avrami equation. Its value was (740
+40) kJ/mol that corresponded to the activation energy
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values for the diffusion of the Si** ions in the mullite
layer ((730-780) kJ/mol) given in a literature.
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