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bstract

he phase transition in kaolinite from 1050 ◦C to 1600 ◦C without and with different potassium salts (KF, KNO3 and K2SO4) as mineralizers and
he changes of the composition and morphologies of mullite formed in kaolinite have been investigated. The adding of enough potassium has been
ound to inhibit the formation of cristobalite in kaolinite. The fluorine is found to be beneficial to increase the reaction activity of aluminium from

etakaolinite and so the potassium fluoride has promoted more pseudotetragonal mullite formed at 1100 ◦C than the other two mineralizers. The

nfluence of potassium salts on the composition and microstructure of mullite formed from kaolinite with increasing the heating temperature has
een scrutinized in detail. The formation condition for the only crystal phase of mullite from kaolinite has been shown.

2009 Elsevier Ltd. All rights reserved.

salts

a
k
f
n
s
o
a
t
c
o
h
d
(

d
o
c

eywords: Sintering; X-ray methods; Mullite; Electron microscopy; Potassium

. Introduction

Mullite is a kind of favorable material for steel, glass, and
etrochemical industries, with its high chemical stability, good
hermal shock resistance, superior refractory properties, and its
trength retained up to 1300 ◦C. Mullite is also a main and impor-
ant component in porcelain, refractory, and porous ceramics,1–3

hile kaolinite is a raw material widely used to prepare porce-
ain, refractory and porous ceramics.

The forming sequence and the composition of mullite on heat-
ng kaolinite without adding mineralizers have been analyzed by
any investigators.4–7 Pask8 compared the formation of mullite

rom kaolinite and sol–gel mixtures, and claimed that with an
nfinitely slow heating rate to heat kaolinite, spinel was the first
nd the only phase formed from metakaolinite, which then trans-
ormed to orthorhombic mullite by reacting with silica. While
ith an infinitely fast heating rate, pseudotetragonal mullite was
he first and the only phase, which converted to orthorhombic
ullite at higher temperature. However, with a normal heating

ate, the formation of spinel and pseudotetragonal mullite inter-
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cted and occurred concurrently. According to Chakravorty,9

aolinite formed mullite in two ways: (i) by polymorphic trans-
ormation of cubic mullite at 1150 ◦C to 1250 ◦C and (ii) by
ucleation of mullite in amorphous aluminosilicate phase and
ubsequent growth above 1250 ◦C. In addition, the composition
f mullite formed from different starting materials is different
nd Al2O3 mole content of mullite is also various with increasing
he heating temperature. Okada10 has analyzed the data for the
hanges of Al2O3 mole content of mullite formed in kaolinite,
ther clays, and various sol–gel mixtures at 950–1500 ◦C, and
as found that Al2O3 mole content of primary mullite (pseu-
otetragonal mullite) is higher than that of secondary mullite
orthorhombic mullite).

The phase transition sequence and the phase composition
uring heating kaolinite are intensively affected in the presence
f mineralizers. Generally speaking, K2O, CaO, MgO, etc. are
ommon crystallographic impurities in kaolinite and are often
dded to kaolinite as mineralizers, among which K2O has an
special effect in the phase transition of kaolinite. The addition
f MgO to kaolinite caused mullite formation via spinel or �-

l2O3 phase and that of CaO caused mullite formation directly

rom metakaolinite.11 The influence of K2O, added to kaolinite
s nitrate, on high temperature reactions of kaolinite was inves-
igated by Johnson, and it was found that K2O accelerated the

mailto:hong-lin@tsinghua.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.032
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Table 1
Chemical composition of kaolinite powder.

Constituent LOI (1000 ◦C)
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guide. It can be seen that the liquid phase appears at 1050 ◦C.
Furthermore, the amount of liquid phase increases with increas-
ing the heating temperature (1050–1600 ◦C) and the amount of
SiO2 Al2O3 Fe2O3 TiO2

mount (wt%) 46.60 35.79 1.20 1.01

ormation of mullite and cristobalite.12 According to Yamuna,13

owever, only mullite was crystallized during heating kaolinite
hen K2CO3 acts as a mineralizer, and the crystallization of

ristobalite was completely inhibited.
In the present work, mullite formation in kaolinite without

nd with certain potassium salts, namely, KF, KNO3 and K2SO4
s mineralizers, has been studied at 1050–1600 ◦C. There has
een little report on comparing the influence of the contents
f K2O and different acid groups in the potassium salts on the
hase transition of kaolinite and forming mullite as the only
rystal phase in kaolinite. The influence of the potassium salts
n the composition and the microstructure of mullite formed
rom kaolinite with increasing the heating temperature has been
iscussed.

. Experimental procedure

A kaolinite powder (Tianjin Guangfu (Group) Co., Ltd.,
hina) was used as the raw material with the chemical com-
osition listed in Table 1. Seven different powder samples were
repared, three of which were added 3 wt% KF, KNO3 or K2SO4
s mineralizers, named as KF (kaolinite with 3 wt% KF), KN
kaolinite with 3 wt% KNO3), and KS (kaolinite with 3 wt%

2SO4). In addition, the other four samples are named as K
kaolinite without potassium salts), KN4 (containing 3.46 wt%
NO3), KN5 (containing 5.11 wt% KNO3), and KFA (contain-

ng 2.39 wt% AlF3·3H2O). KN4 contains the same content of
2O (1.99 wt% K2O) to KS, KN5 contains the same content of
2O (2.95 wt% K2O) to KF, and KFA contains the same con-

ent of fluorine (0.98 wt% fluorine) to KF. The kaolinite powders
ithout and with potassium salts were mixed in a ball milling
ith alcohol for 72 h, followed by drying at 80 ◦C for 12 h. The
owders were heated at 1050–1600 ◦C with a heating rate of
◦C/min and a duration time of 1 h.

The phases of heated powders were identified using an X-ray
iffractometer (XRD, D/max-2550, Japan), operated at 200 kV,
5 mA, with experimental condition as follows: a step width
.02◦ and a scanning range of 10–80◦. The diffraction peaks of
ullite in (2 2 0) and (1 1 1) were measured by a step scan with
scanning speed of 0.3◦/min and a count time of 4 s.

The morphologies and chemical composition of heated pow-
ers were characterized by Scanning Electron Microscope
SEM, LEO-1530, Germany). High temperature differential
canning calorimetry (DSC, NETZSCH STA 409 PC/PG,
ermany) investigation was used to characterize the thermal

ehavior of different samples with and without potassium salts.
ourier transform infrared spectroscope (FTIR, Nicolet 6700,
merican), with resolution of 4 cm−1, was used to characterize

he phase transition of kaolinite at different temperatures.
F
t

CaO MgO K2O Na2O

0.17 0.07 0.10 0.06 15

. Results and discussion

.1. Phase transition without and with different potassium
alts

Fig. 1 shows the DSC curves of samples K, KF, KN, KS in
he temperature range of room temperature to 1300 ◦C. There is
n endothermic peak at 400–600 ◦C and an exothermic peak at
90 ◦C in each curve. The endothermic peak of the sample KN
ies at 520 ◦C, while that of the other samples are approximately
t 500 ◦C. The difference of the endothermic peak temperature
s caused by that KNO3 decomposes into K2O and nitrogen
xides which are escaped in gaseous form. Then only K2O
ctually acts as the mineralizer in the sample KN. The appear-
nce of the exothermic peak is attributed to the formation of
l–Si spinel and weakly crystallized pseudotetragonal mullite,
hich include more Al ions with stable sixfold coordination

han metakaolinite. At the process, amorphous silica and amor-
hous aluminosilicate were also simultaneously formed.13–15

he exothermic peak of the samples are all at 990 ◦C, which
ndicates that potassium salts have no obvious effect on the
xothermic reaction, representing the formation of Al–Si spinel
nd weakly crystallized pseudotetragonal mullite is not related
o the presence of potassium salts.

Table 2 shows the phase composition of heated samples with
ifferent potassium salts at different heating temperatures, iden-
ified by XRD. The amount of liquid phase formed due to the
resence of K2O from the additional potassium salts is evaluated
sing the SiO –Al O –K O phase equilibrium diagram16 as a
ig. 1. The DSC curves of samples K, KN, KF and KS from room temperature
o 1300 ◦C.
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ig. 2. The XRD patterns of samples K, KN, KS and KF heated (a) at 1050 ◦C
nd (b) at 1100 ◦C.

2O (0–2.95%). Besides the above liquid phase, there are a little
ther liquid phase formed due to the existence of the crystallo-
raphic impurities in kaolinite. The formation of liquid phases
s beneficial to the nucleation and growth of mullite.

For the samples heated at 1050 ◦C (Fig. 2(a)), the diffrac-
ion peaks of Al–Si spinel are the major crystal peaks. Small
iffraction peaks of mullite began to appear, such as that at
θ = 16.432◦ (according to JCPDS 15-0776). In addition, there
s a small sharp peak for anatase TiO2 as impurity.12 Chen et
l.17 found the similar phenomena with the kaolinite heated at
050 ◦C for 24 h. The large diffusion ring at 2θ between 20◦
nd 24◦ is corresponding to the presence of amorphous alumi-
osilicate and amorphous silica, which generally formed at the
xothermic peak temperature in the DSC curves.18

After the samples were heated at 1100 ◦C, the diffraction
eaks of mullite become distinct, whereas the intensities of the
pinel diffraction peaks and the diffusion ring decrease. In addi-
ion, the sample KF has sharper diffraction peaks of mullite than
he others’ (Fig. 2(b)), which is attributed to that both K2O and
uorine act as mineralizers.
Fig. 3 shows that the sample KFA, which contains the same
ontent of fluorine to KF, has stronger diffraction peaks of spinel
nd more noticeable diffusion ring at 2θ between 20◦ and 24◦
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ig. 3. The XRD patterns of samples K, KFA, KN5 and KF heated at 1100 ◦C.

han the samples K and KF, whereas the diffraction peak inten-
ities of mullite in the sample KN5, containing the same content
f K2O to KF, lie between that of mullite in the samples K and
F. According to the above results, it is concluded that the flu-
rine is able to promote the formation of spinel, whereas the
2O is able to promote the formation of mullite. In addition,
ore mullite is formed when K2O and fluorine simultaneously

xist in the sample. The reason that fluorine is effectively able
o promote the formation of spinel is inferred that F atoms can
ncrease the reaction activity of Al by breaking the Al–O–Si
tructure in the metakaolinite and can also increase the amount
f liquid phases.19–21 On the other hand, the reason that the
2O promotes the formation of mullite is believed that the K

toms are coordinated by non-bridging O (NBO) atoms in liq-
id phases,22 which is beneficial to keep the liquid phases in
morphous state and increase the reaction activity of Si–O struc-
ure. Therefore, there is more mullite formed at 1100 ◦C when

he potassium fluoride is used as a mineralizer in the sample
F.
FTIR spectra of the samples K and KF heated at 1100 ◦C is

hown in Fig. 4. The absorption bands at 1160 cm−1, 895 cm−1,

ig. 4. FTIR spectra of the sample K (a) and the sample KF (b) heated at 1100 ◦C.
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ig. 5. The XRD patterns of samples K, KN, KS and KF heated at 1150 ◦C.

42 cm−1, 736 cm−1, 563 cm−1 and 561 cm−1 are assigned
o mullite, that at 1234 cm−1 and 1230 cm−1 assigned to
morphous silica, that at 3459 cm−1 and 1630 cm−1 assigned
o absorbed water from the environment,23–25 and that at
081 cm−1 and 1097 cm−1 assigned to the hybrid vibrations of
SiO4] and [AlO4].26 The obvious increase of the absorption
and at 561 cm−1 and the appearance of the absorption bands at
95 cm−1 and 1160 cm−1, compared with the sample K heated at
100 ◦C, indicate the formation of massive mullite in the sample
F, which is in agreement with the XRD results. In addition, the

bsorption band at 1234 cm−1 becomes smaller in the sample
F than in the sample K, which is due to the reaction between

pinel and amorphous silica to form mullite.
At 1150 ◦C, the diffusion ring at 2θ between 20◦ and 24◦

s more noticeable in the sample K than that in the other three
amples. There is still a little Al–Si spinel in the sample K, but
one in the other samples (Fig. 5), from which it is concluded
hat potassium salts have promoted the reaction of Al–Si spinel
ith liquid phases to form pseudotetragonal mullite.
At 1250 ◦C, cristobalite diffraction peaks clearly appear

t 2θ = 21.604◦, 35.626◦, 44.005◦, and 56.177◦ (according to
CPDS 27-0605) in the sample K, while only a small diffrac-
ion peak of cristobalite, 2θ = 21.604◦, appears in the sample
N. However, there is no any cristobalite diffraction peak in

he samples KS and KF (Fig. 6). All the samples except K con-
ain mullite as the only crystal phase after 1350 ◦C, whereas the
ristobalite peaks in the sample K continuously become strong
rom 1350 ◦C to 1450 ◦C and disappear at 1600 ◦C (Figures not
hown. Data see Table 2).

The above results suggest that the differences in the disap-
eared temperature of the cristobalite are attributed to different
ontents of the various mineralizers in kaolinite. Potassium salts
KF, KNO3 and K2SO4) have effectively inhibited the crys-
allization of cristobalite though different potassium salts have
ifferent effects. The same weight of KF or K2SO4 as mineral-
zers has better effects than that of KNO3. The differences of the

ppearance of cristobalite diffraction peaks between the sample
S and the sample KN are caused by that 3 wt% K2SO4 contains
ore K2O (1.99 wt% K2O) than 3 wt% KNO3 (1.72 wt% K2O).
ig. 7 shows the XRD patterns of the samples KN4 and KS, in
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Fig. 6. The XRD patterns of samples K, KN, KS and KF heated at 1250 ◦C.

Fig. 7. The XRD patterns of samples KN4 and KS heated at 1250 ◦C.
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Fig. 8. The (1 2 0) and (2 1 0) diffraction peaks of mullite in samples K, KN, KS, KF
mic Society 29 (2009) 2929–2936 2933

hich the sample KN4, containing the same content of K2O to
he sample KS, has the same diffraction peaks to the sample KS,
hich indicates that the formation of cristobalite is determined
y the content of K2O, whereas the sulfate has little effect on
nhibiting the formation of cristobalite.

At 1250 ◦C, it is found in Fig. 8(a)–(c) that the (1 2 0) and
2 1 0) diffraction peaks of the mullite began to split (2θ = 25.97◦
nd 26.27◦), which indicates that pseudotetragonal mullite (pri-
ary mullite) starts to transform into orthorhombic mullite

secondary mullite).27,28 Pseudotetragonal mullite is alumina-
ich phase, approximately containing ∼70 mol% Al2O3, and the
ength of its a-axis is close to its b-axis, while the a-axis of the
rthorhombic mullite is smaller than its b-axis.29,30 The splits
f the (1 2 0) and (2 1 0) diffraction peaks of samples K, KN,
S, and KF at 1250 ◦C are given in Fig. 8(b), which shows that

he split degree of the sample KF is the smallest, that is to say,
he crystallinity of orthorhombic mullite in the sample KF is
he lowest, though it contains the most K2O. The sample KN5
ontains the same content of K2O to the sample KF, but the split
egree of the sample KN5 shown in Fig. 8(d) is bigger than
hat of the sample KF at 1250 ◦C, which indicates that the flu-
rine has inhibited the crystallization of orthorhombic mullite.
his is attributed to fluorine retarding the formation of Al–O–Si
hains in orthorhombic mullite. At 1350 ◦C, the split degree of
he (1 2 0) and (2 1 0) diffraction peaks is more noticeable in
he samples KS and K than in the samples KF and KN. This
s because the sample KS without the inhibition from fluorine
ike the sample KF contains more K2O than the sample KN, and
he sample K contains more Al in the liquid phases due to the
ormation of cristobalite than the samples KF and KN.

.2. Changes of the composition and morphologies of
ullite
The theoretical formula of mullite is 3Al2O3·2SiO2, which
ontains 60 mol% alumina. The mullite formed from kaolin-
te at different heating temperatures, however, actually contains
arious contents of alumina. Ban27 proposed a method by deter-

and KN5 heated at (a) 1150 ◦C, (b) 1250 ◦C, (c) 1350 ◦C, and (d) 1250 ◦C.
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Fig. 9. The changes of the Al2O3 mole content in mullite versus the heating

F
(
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ining the integral intensities of the (2 2 0) and (1 1 1) diffraction
eaks to calculate the alumina mole content of mullite, using
he linear relationship: Al2O3 (mol%) = 41.77(I220/I111) + 27.6.
ig. 9 shows the variation of Al2O3 mole content of mullite
ersus the heating temperatures in the samples K, KS, KN and
F. The Al2O3 mole content of mullite formed in these samples
rstly decreases from 1150 ◦C to 1350 ◦C and then increases
ntil 1600 ◦C. The above changing trend of Al2O3 mole content
f mullite is similar to that formed in kaolinite at temperatures
f 950–1500 ◦C, which Okada have assembled.10 It is known
rom the above results that the composition changes of mullite
ormed and grown up in kaolinite are generally divided into two
tages: (i) in the decreasing process of Al2O3 mole content, it
s dominant that the process of pseudotetragonal mullite contin-
ously reacting with liquid phases; (ii) the increasing process

s mainly corresponding to the process of orthorhombic mullite
ucleating and subsequently growing in liquid phases at higher
emperatures.

temperatures in samples K, KN, KS and KF.

ig. 10. The sample morphologies of (a) K, (b) KF, (c) KN, and (d) KS at different heating temperatures of (1) 1150 ◦C, (2) 1250 ◦C, (3) 1350 ◦C, (4) 1450 ◦C, and
5) 1600 ◦C.
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The change ranges of Al2O3 mole content in mullite are
losely related to K2O content and the properties of anion in
otassium salts. The sample KS has a bigger change range than
he sample KN because it contains more K2O than the sample
N. The change range of the decreasing process is smaller in

he sample KF than that in the other samples, which is due to
uorine retarding the formation of Al–O–Si chains in mullite.

Fig. 10 shows the morphologies of samples K, KF, KN and
S heated at 1150 ◦C, 1250 ◦C, 1350 ◦C, 1450 ◦C, and 1600 ◦C.

t shows that the morphologies of samples at 1150 ◦C are mainly
he morphologies of starting materials particles. However, the
RD results in Fig. 4 show that the pseudotetragonal mullite has
een largely formed at 1150 ◦C, which suggest that the crys-
al grains of pseudotetragonal mullite are much smaller than
00 nm, the bar length in the figure. When increasing the heat-
ng temperature to 1450 ◦C, the smaller particles at 1150 ◦C have
radually coalesced into bigger particles. In addition, plenty of
od-like orthorhombic mullite and liquid phases are simultane-
usly formed, which support that the increase of Al2O3 mole
ontent of mullite is attributed to massive orthorhombic mullite
rowth in the liquid phases. At 1600 ◦C, the smaller rod-like
rthorhombic mullite grains formed at 1450 ◦C coalesce into
igger grains by grain boundary reaction.

According to the morphologies of samples K, KF, KN and KS
n Fig. 10, a complete morphology evolution of mullite formed in
aolinite for the heating temperatures from 1150 ◦C to 1600 ◦C
s shown that the small starting material particles containing
seudotetragonal mullite gradually coalesce together and the
rthorhombic mullite gradually grows up in liquid phases with
ncreasing the heating temperature. The smaller rod-like crystal
rains of orthorhombic mullite are able to be found at 1350 ◦C,
argely grow up at 1450 ◦C and coalesce into bigger ones at
600 ◦C.

. Conclusions

The same weight of different potassium salts, namely, KF,
NO3 and K2SO4 has different effects on the formation of mul-

ite from kaolinite, which is closely associated with the content
f K2O and the properties of anions in the potassium salts. The
F has been able to promote the massive formation of mul-

ite at 1100 ◦C than KNO3 and K2SO4, while the formation of
rthorhombic mullite at 1250 ◦C and 1350 ◦C is retarded by the
resence of fluorine. The K2O has been identified as the major
omposition that inhibits the formation of cristobalite in kaoli-
ite at 1250 ◦C, while the sulfate in the sample KS has little
ffect on that. The only crystal phase of mullite in kaolinite can
e formed when the content of K2O is more than 1.99 wt%.

The composition of mullite formed from kaolinite changes in
wo stages: alumina-rich pseudotetragonal mullite firstly reacts
ith the amorphous phases, which results in the decrease of
l2O3 mole content of mullite, and then with increasing the
eating temperature, the liquid phases gradually increase and

he orthorhombic mullite forms and grows up, resulting in
he increase of Al2O3 mole content of mullite. The rod-like
rthorhombic mullite begins to appear and gradually grow up
ith the liquid phases increasing until 1450 ◦C, and then the

1

mic Society 29 (2009) 2929–2936 2935

maller rod-like mullite grains coalesce into bigger ones by grain
oundary reaction at 1600 ◦C.
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