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Abstract

Microwave (MW) processing for ceramics is gaining attention all over the world due to its inherent advantages. In this paper, we have
attempted to examine the influence of microwave heating on polymorphic phase transformation of titanium dioxide from anatase to rutile.

The results are compared with those obtained by heating the same samples in resistance heated furnace under identical conditions. The stud

indicated that in the microwave heating, complete transformation of pure anatase phase to rutile takes place at lower tempet@ture (900
30 min dwell time) compared to only partial conversiarb60%) to rutile when the same sample is heated in conventional resistance furnace

at 1000°C for 30 min. The results obtained further show that the presence of rutile phase in the anatase sample considerably accelerates its

transformation to rutile irrespective of the mode of heating (i.e. microwave or resistance heating) adopted in the experiment.
© 2003 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction with carbon in the proportions of anatase to carbon 3:1 and
2:1 were heated in the microwave oven at 1000 They
Microwaves (MW) in recent years are being explored as observed considerable enhancement in the rate of transfor-
an efficient alternate energy source in material processing.mation of anatase to rutile when the microwave heating was
Microwave heating offers number of advantages over the employed. However, the extent to which microwaves alone
conventional resistance heating procgks3]. A number affect the rate of transformation is difficult to conclude,
of studies on the microwave assisted processes in differentsince they have used the mixture of anatase gel and carbon
ceramic systems were reviewed by Sut{@h. There are  in their experiments. In this paper we report the results ob-
however, hardly any investigations in which the influence tained on the phase transformation in Zi€amples prepared
of the microwave on purely polymorphic transformations in our laboratory from Ti(OH) precursor, on heating in mi-
have been studied. The effect of microwave heating onTiO crowave system and conventional resistance heated furnace.
pellets was reported by Ikunfd]. These authors observed It is known that for different applications of T
that during microwave heating in a single mode cavity, careful tailoring of powder properties such as phase com-
100-250°C difference in temperature existed between the position, surface area, particle morphology is needed. In
bulk and the surface of the cylindrical pellets. Maximum titania system, amorphous to crystalline transformation and
conversion of about 25mol% of anatase to rutile was re- polymorphic phase transition depend on the temperature
ported in the middle of the pellet when the surface tempera- of heat treatment. The poorly crystalline oxide prepared
ture was of the order of 760-86C. Plazl et al[5] studied  at low temperature crystallizes progressively to ‘anatase
the anatase to rutile transformation in anatase gels using spephase’ with the increasing temperature, which on further
cially designed high-pressure microwave reactor connectedheating transforms irreversibly to a thermodynamically sta-
to the commercial microwave oven. They reported 92.4% ple rutile phase. The anatase to rutile transformation in
phase transformation of anatase to rutile when the gels mixedTiO, is known to be influenced by several experimental
conditions including the method of synthesis of the parent

* Corresponding author. Tek+91-900-022-282-9293x350. oxide [6]. In this paper, the polymorphic transformation in
E-mail address: srdharwadkar@hotmail.com (S.R. Dharwadkar). TiO, prepared by two different chemical routes is studied
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by employing microwave and conventional heating meth- Microwave cavity  Insylation
ods. The results obtained clearly demonstrate that, both the \ /
rate of conversion as well as the percentage conversion of

anatase to rutile depends on the type of process employec

for the precursor preparation and the type of heating. | Sample holder

2. Experimental

2.1. Preparation of titania precursor

Silicon carbide Shield

: od
In the present study, two different processes were em- "

ployed to prepare Ti@from dilute TiCly (Merck, Synthesis
grade with purity >99%) solution. The TiOsamples were
prepared from Ti(OHj) precursors by Controlled Precipita- Fig. 1. Schematic diagram of microwave system.
tion and Hydrolysis Process.

Thermocouple

sistance furnace under identical conditions employing sim-
- Pl ) ) ) ilar type of sample holder. Experiment at each temperature
In controlled precipitation process, dilute T¥3olution a5 repeated thrice under identical experimental conditions.
was mixed with urea solution in proportion of Ti@rea con- Fig. 1shows the schematic diagram of the microwave sys-
centration 1:20mol. The reaction mixture was then heated tom ysed in the present investigation. The unit consists of
at~100°C and refluxed for 2-3h. The resulting reaction magnetron operating at 2.45 GHz with adjustable power set-
mass was cooled and filtered. The precipitate was washedijngs and full power level of 750 W. The temperature of the
several times with hot demineralized water till it was free of sample was controlled withitt3°C of the set value through
chioride ions. an on/off temperature controller coupled to the magnetron
S ) input power source. Calibrated Pt, Pt—-13%Rh shielded ther-
2.1.2. Precipitation by hydrolysis _ mocouple was used for measurement of sample temperature.
In hydrolysis process, the hydroxide precursor was pre- o avoid sparking, the shield of thermocouple was grounded
pared as described in R¢6] with minor modification. In  anq to obtain precise sample temperature, the tip of the ther-
this process, the stock solution of TiGhas further diluted mocouple was embedded within the powder sample (weigh-
five to six times with demineralized water. The solution ing ~2-3g). The samples were kept in a well insulated
was refluxed at 100C for 3h and cooled to room temper-  sample holder carved from mullite fiber boards. The sample
ature. The supernatant liquid from settled precipitate was po|ger was surrounded by four silicon carbide rods located
removed carefully by siphoning. Fresh demineralized water symmetrically around the sample holder. These rods act as
was added to the residual precipitate and mixed thoroughly pre-heatergg] for the sample under investigation.
to form consistent slurry. To the slurry, dilute ammoniawas  The resistance heated furnace consisted of a Kanthal wire
added drop wise under stirring condition fill the slurry be- \ound tubular furnace. The temperature of the sample in
came neutral, i.e. pi= 7. The precipitate so obtained was  thjs case was measured with the calibrated chromel-alumel
filtered and washed with demineralized water till free of thermocouple and controlled withia2°C of the set value.
chloride ions. The samples after heat treatment were mixed thoroughly
in the agate mortar and sieved through 300 mesh sieve. The

2.1.3. Precursor treatment . total sample was divided in to three parts and all three were
The hydroxide precipitates obtained by both the methods analyzed for phase composition.

were vacuum dried at room temperature. The dried powder
were ground in agate-mortar and sieved through 200 meshs 5 characterization of TiO, powders prepared by two

sieve. , different methods
The powders obtained by both the above methods were

heated in the in-house developed microwave syd@gnas The powders heated by microwave and conventional
well as tubular resistance furnace independently at°800 heating methods were passed through 300 mesh and char-
for 1 h. The two lots thus prepared were stored in desiccators,sierized by X-ray diffraction technique using Cu Kadia-

for further use. tion using Phillips X'Pert X-ray diffractometer. The weight
_The powders prepared at 300 were heated further at  raction “alpha” of rutile in TiG in different samples was

different temperatures ranging from 500 to 10@0at an calculated using the following equatid@).

interval of 100°C. The dwell time for the sample at each

temperature was 30 min. Equal weights of the samples were,, _ 1

heated in microwave system and conventionally heated re- 1+ 0.884(Aanatasé Arutile)

2.1.1. Controlled precipitation process

(1)
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where Agnatase and ‘Apiile’ represent respectively the in-  responding to (110) plane of the rutile phase. The inten-
tegral intensities of anatase peak (101), i.e.av&@ue of sity of this peak increased progressively with the increasing
25.4 and rutile peak (110) attvalue of 27.5. ‘«’ is the temperature.
extent of the transformation of anatase, i.e. weight fraction  The increase in sharpness of the peaks with temperature
of rutile in the mixture. rise between 300 and 70Q in Fig. 2 suggests that the ma-
terial is becoming more and more crystalline with increasing
temperature. The decrease in intensity of the anatase peak
3. Results and discussion and the simultaneous increase in the intensity of the rutile
peak with the increasing temperature observeHiin 2 in-
The TiO, obtained by controlled precipitation method dicates progressive increase of the rutile phase with the in-
consisted of a single anatase phase while that obtained bycreasing temperature.
hydrolysis process consisted of a mixture of anatase and ru- The percentage of the rutile phase formed by heating the
tile. It was interesting to study progress of phase transforma-same amount of the anatase sample at different tempera-
tion for the sample containing only pure anatase and the onetures in resistance furnace and microwave system for the
in which anatase co-existed with the rutile phase. The com- same dwell time of 30 min was calculated uskg. (1)and
parative studies were done by heating samples in microwaveis listed inTable 1(columns 2 and 3). The weight fraction
system as well as in conventional resistance heated furnaceof rutile formed from the parent anatase phase, on heating
for the same duration. The average weight fractions of rutile it to different temperatures in the resistance furnace and
(@) calculated for different samples from the XRD patterns microwave heating system is presented in graphical form in
(obtained by averaging value of three sub-samples) using Fig. 4 The results presented Fig. 4 and Table lindicate
Eqg. (1)are listed inTable 1 that the rate of conversion of anatase to rutile is marginally

3.1. Effect of type of heating on polymorphic
transformation in TiO»

3.1.1. TiO, obtained from the precursor prepared by
controlled precipitation

The X-ray powder diffraction patterns of TgG&ample ob-
tained by heating Ti(OH)precursor prepared by controlled
precipitation process, recorded in the range 24-29 are
shown inFigs. 2 and 3Fig. 2 shows the X-ray diffrac-
tion patterns of TiQ heated in resistance furnace to differ-
ent increasing temperatures. The XRD patterns presented in
Fig. 3are those of Ti@ sample from the same batch heated
in the microwave system at different temperatures. The pat-
tern for the sample prepared by heating the Ti(@ptecur-
sor at 300C consisted of a single broad peak around 25.4
26 corresponding to (1 01) plane in the anatase phase. This
sample on heating above 500, progressively improved in
crystallinity and got converted to the rutile phasege. 2
and 3 above 600C. The conversion of anatase to rutile
resulted in appearance of the peak around 226 cor-

(e)

Intensity ( a.u.)

L

(d)

Table 1
Weight fraction of rutile calculated from XRD pattefns

Controlled Hydrolysis (c)

precipitation (urea) (dilution)

Furnace MW Furnace MW

(b)
500°C, 30 min 0 0 0.56 0.68 (a)
600°C, 30 min 0 0 0.60 0.69
700°C, 30 min 0.03 0.01 0.86 0.90 ) . ; c i . j p ;
’ 27 28 29

800°C, 30 min 0.17 0.86 1.00 1.00 24 25 26
900°C, 30 min 0.49 0.99 - - 20°
1000°C, 30min 0.58 - -

Fig. 2. Polymorphic transformation of anatase prepared by controlled
2The data presented is average of three experiments conducted on theprecipitation method to rutile heated in resistance furnace. (2)G0()
samples from the same lot. 500°C, (c) 600°C, (d) 800°C, (e) 900°C, (f) 1000°C.
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Fig. 3. Polymorphic transformation of anatase prepared by controlled T or | ar o 2
precipitation method to rutile heated in microwave system. (a)°800 24 25 26 . 28 9
(b) 800°C, (c) 900°C. 20

Fig. 5. Polymorphic transformation of anatase (in the mixed phase) pre-

. . . pared by hydrolysis method to rutile, heated in resistance furnace. (a)
higher for the sample heated in the resistance below800 3., (b) 500°C, (c) 600°C, (d) 700°C, (e) BOC'C.

Fig. 4a However, above 800C the rate of conversion in

microwave system is remarkably higher and the conver-

sion to rutile is virtually .complete_ by 90T Fig. 4h The of conversion reduced considerably above this temperature,
anatase sample heated in the resistance furnace converted tr%achin about 58% at 100G
rutile only to the extent of 50% at 90C Fig. 4a The rate 9 '

3.1.2. TiO, obtained from precursors prepared by
hydrolysis process

1n The Ti(OH), precursor obtained by hydrolysis process
—-8—Furnace when heated at 30 for 1 h yielded the mixture of anatase
0.8 —A—-MW and rutile. The X-ray diffraction pattern recorded for this
) mixture is shown inFig. 5. Heating this mixture to higher
a temperatures in the range 600-8@)in the resistance fur-
0.6 nace showed progressive decrease of the anatase phase in
Alpha the mixture with the increasing temperature. The anatase in
0.4+ the mixture transformed completely to rutile on heating the
sample for 30 min and at 80C in the resistance furnace.
0.2+ The extent of conversion of anatase in the mixture to rutile
for the dwell time of 30 min at different temperatures is
0 —— presented inmable 1(column 4). The results of microwave

processing of the sample obtained by hydrolysis process,
presented iMable 1(column 5) indicate that the conversion
rate of anatase to rutile was marginally higher in furnace

Fig. 4. Percent conversion of anatase (prepared by controlled precipitation heated_ samplesF{g. 69, but it was nearly complete at
method) to rutile in furnace (a) and microwave (b). 800°C in both the cased~{g. 6, Table 1.

0 200 400 600 800 1000 1200

Temperature (°C)
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Fig. 6. Percent conversion of anatase in the mixture (prepared by dilution process) to rutile in furnace (a) and microwave (b).

4. Conclusions
1. The results presented above revealed that 100
tained from Ti(OH) precursor prepared by controlled
precipitation and hydrolysis methods differ in their
phase composition. The powder obtained by con-
trolled precipitation consisted of a single anatase
phase while that obtained by dilution process indi-
cated almost equal proportions of anatase and rutile
phase, under the conditions employed in the present
study.
. Initially at low temperatures, the anatase to rutile phase
transformation rate was marginally higher in the re-

the microwave as well as resistance heated furnace is
nearly identical, thereby yielding almost same rate of
conversion in the two cases.

The mixture however transforms completely to rutile
by about 800C, a temperature which was 100
lower than that required for the transformation of
the pure anatase phas€id. 4b. This effect is
observed irrespective of the mode of heating em-
ployed and could perhaps be due to the catalytic
effect of the co-existence of the rutile phase in the
mixture [5].

(©)
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