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a  b  s  t  r  a  c  t

Self-glazing  red mud  based  ceramic  materials  (RMCM)  were  produced  by normal  pressure  sintering  pro-
cess  using  the  main  raw  materials  of red mud.  The  properties  of  the  RMCM  samples  were  investigated  by
the  measurements  of  mechanical  properties,  radiation  measurement,  X-ray  diffraction  (XRD)  and  scan-
ning electron  microscopy  (SEM).  The  results  show  that  the  self-glazing  RMCM  have  good  mechanical

3

eywords:
ed mud
elf-glazing
adioactivity levels

properties  (water  absorption  and  apparent  porosity  approached  zero;  bulk  density,  2.94  g/cm ; com-
pressive  strength,  78.12  MPa).  The  radiation  level  has  clear  change  regularity  that  the  radioactivity  levels
of red  mud  (6360  Bq)  is  obvious  declined,  and  can  be reduced  to that  of the  natural  radioactive  back-
ground  of  Guilin  Karst  landform,  China  (3600  Bq).  It will  not  only  consume  large  quantities  of  red  mud,
but also  decrease  the  production  cost  of self-glazing  RMCM.  And  the  statement  of  this  paper  will  offer
effective  ways  to reduce  the  radioactivity  level  of  red  mud.
eduction

. Introduction

“Bauxite residue”, also known as “red mud”, is the by-product
f the digestion of bauxite ores with caustic soda in high pressure
utoclaves according to the Bayer process, in order to produce alu-
ina [1].  It is a complex material whose mineralogical and chemical

omposition vary widely depending upon the source of bauxite ores
nd the technological process parameters [2].  A chemical analysis
ould indicate that red mud  contains silica, aluminum, iron, cal-

ium, titanium, as well as an array of minor constituents, namely,
r, Cu, K, Mn,  Na, Ni, Sc, Th, U, V, Zn, etc. The variation in chemical
omposition between different red mud  worldwide is high [3]. This
esidue is disposed as a mud  disposal possessing a solid concentra-
ion in the range of 10–30%, potential of hydrogen in the range of
3 and high ionic strength [4].  Consequently, red mud  with the
haracteristics of high alkalinity [5] and high level radioactivity
6] having been accumulated in the dam construction and storage
ard [7],  is viewed as a corrosively hazardous substance requir-
ng carefully handling. This caustic material is often contained in
onstructed storage facility to minimize its adverse impacts on the

uman beings and environments [8].

Therefore, from the viewpoint of waste disposal, how to recy-
le the red mud  and improve the ratio of recycled resources have

� This work was supported by National Natural Science Foundation of China (No.
0972028), Science and Technology Department of Guangxi Zhuang Autonomous
egion of China (No. 0630006-5).
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© 2011 Elsevier B.V. All rights reserved.

become very important environmental project on subjects [9]. In
recent years, voluminous research and development work for the
comprehensive utilizations of red mud  have been put into prac-
tice all over the world, but to date very few techno-economical
solutions have been found out [10]. Studies on the utilization of
red mud  for making efficient and low-priced building materials
namely ordinary Portland cement [11], clay-based ceramics [12],
bricks [13], and glass-ceramics [14] have been reported. However,
more and more precedence is being given to limiting the radio-
logical dose of building materials to the population these days.
Somlai et al. [15] had measured 226Ra and 232Th activity con-
centrations in Hungarian bauxite, red mud  and clay samples and
the result is similar with the levels for such raw materials men-
tioned in international literature. Therefore for the production of
building materials an even stricter limit needs to be determined
when both bauxite and red mud  are used. The application of radi-
ation protection technology is increasing day by day all over the
world [16]. Amritphale et al. [10] had reported that they could pre-
pare the X-ray radiation-shielding materials from red mud  and fly
ash [17].

Based on previous work in our laboratory, we found that a glaze
layer forms on the red mud  based ceramic surface automatically
when red mud  is sintering [18]. Since the release glazed ceramics
and does not require preparation of glazes and glazing techniques,
the sintering process of self-glazed surface of the green body for-
mation. This is so-called self-glazing phenomenon that can give

significant brightness and high aesthetic quality [19]. According
to a well-researched of the origin, Egyptian paste (also known as
Egyptian faience) is the first material of self-glazing ceramic body

dx.doi.org/10.1016/j.jhazmat.2011.10.039
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wubolin3211@gmail.com
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Water absorption, bulk density and apparent porosity of
the sintered samples were determined respectively in accor-
dance with Chinese National Standard GB/T 3810.3-2006 [24].
The water absorption (Wa, %), bulk density (Db, g/cm3) and
Fig. 1. The main mineralogical phases of red mud.

hat no further glaze will be needed for the Egyptian paste piece to
re with a glossy glaze surface [20]. Merkin et al. [21] have mixed
he acid volcanic glasses, obsidians, pechsteins, perlite raw mate-
ials waste and volcanic minerals, to produce self-glazing ceramic
iles. Griggs et al. [22] have restored the surface of dental porcelain
sing a self-glazing technique that may  reduce the extent of dam-
ge caused by grinding and prevent bacterial adhesion. In view of
he above discussions and for five years’ exploration of the compre-
ensive utilization of red mud  in our laboratory, the high Si/Al ratio
ompositions in red mud  can react with oxides of alkaline metal,
ilicon and heavy-metal, which together with barium feldspar [23]
ay  reduce the radiation levels of red mud  effectively. In this study,

he red mud  based ceramic materials (RMCM) were prepared,
nd of which the physical properties, radioactivity levels, phase
nalysis, microstructure and self-glazing mechanism have been
nvestigated.

. Experimental

.1. Raw materials and chemicals

The objective of the experiment is to reduce the radioactiv-
ty levels of red mud  based ceramic materials. Red mud  contains
arge amounts of Fe2O3, Al2O3 and CaO, but little SiO2. However,
ed sandstone and ball clay contain large amounts of SiO2, which
an sinter with red mud  to obtain ceramics. The red mud  sup-
lied by Pingguo Aluminum Company (Guangxi, China), the red
andstone obtained from Dayao Mountain (Guangxi, China) and
he ball clay obtained from Weiluo (Guangxi, China) were milled
nto powder with particles size lower than 100 �m,  respectively.
he chemical composition of the raw materials is presented in
able 1, and the mineralogical phases of red mud, red sandstone and
all clay were determined by XRD analysis as shown in Figs. 1–3,
espectively.

The barium carbonate and red lead chemicals are heavy-metal
ompounds, which can shield the radiation effectively. The barium
arbonate chemicals of Technical Grade were from Silian Chemi-
al Plant (Shanghai, China) and dried at 105 ◦C for 6 h. The red lead
lead (II, IV) oxide, red) of AR Grade was produced by Nanhua Chem-
cal Plant (Hunan, China). Magnesium oxide of AR Grade was from
eifang Tianyi Chemical Reagent Plant (Tianjin, China), and cal-

ium oxide of AR Grade was from Xilong Chemical Plant (Shantou,
hina).
Fig. 2. The main mineralogical phases of red sandstone.

2.2. Experimental procedure

In the experiments, certain amount of red mud, red sandstone
and ball clay was ball milled in water medium for 24 h, respectively.
Then the raw material mixtures were prepared by homogeniz-
ing red mud, red sandstone and ball clay at certain mixture ratio
with barium carbonate, red lead and oxides of magnesium, calcium
additions. After homogenization, the mixture was dried in an air
oven at 105 ◦C, the powder mix  was  mixed with 1 wt% water and
compressed into circular samples of 50 mm  diameter and 3–4 mm
thickness by uniaxial pressing under a pressure of 10 MPa. Then the
green bodies were sintered in a box type electrical resistance fur-
nace. The sintering condition was  programmed as follows: heating
from ambient temperature to 100 ◦C at a heating rate of 5 ◦C/min,
holding for 30 min  at 100 ◦C; heating to 700 ◦C at rate of 4 ◦C, hold-
ing for 60 min  at 700 ◦C; and then sintering at 700–1100 ◦C at rate
of 3 ◦C, holding for 60 min  at the sintering point; and finally cooling
of samples in the furnace itself down to ambient temperature.

2.3. Testing conditions

2.3.1. Determination of the properties
Fig. 3. The main mineralogical phases of ball clay.
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Table 1
Chemical compositions (wt%) of the raw materials (LOI, loss on ignition at 1050 ◦C).

Constituent Fe2O3 Al2O3 SiO2 CaO MgO  TiO2 K2O Na2O LOI Other

0.72 6.18 0.20 3.23 9.80 3.72
– – – – 2.66 9.62
0.65 1.58 0.48 0.04 13.93 0.51
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Table 2
Properties of the RMCM.

Tests Results Criterion of
common ceramics

Water absorption (%) 0.004 ≤1.0
Bulk density (g/cm3) 2.94 ≥2.5
Apparent porosity (%) 0.012 ≤15.0
Red mud  31.26 18.49 8.35 18.05 

Red  sandstone 4.87 13.94 60.82 8.09 

Ball  clay 0.67 36.56 45.37 0.21 

pparent porosity (Pa, %) were calculated basing on the for-
ulas Wa  = (M3 − M1)/M1  × 100%, Db = (M1 × DL)/(M3 − M2) and

a = (M3 − M1)/(M3  − M2) × 100%, respectively, where M1  is the
eight of dry sample measured in the air (g), M2  the weight of

aturated sample measured in the soak solution (g), M3  the weight
f saturated sample measured in the air (g) and DL is the density of
he soak solution (g/cm3).

The linear shrinkage measurement of sintered samples was
erformed according to Chinese Light Industry Standard QB/T
548-1992 [25]. The formula for calculating the linear shrinkage
Y, %) is Y = (L1 − L2)/L1 × 100%, where L1 is the average diameter
f dry green body (mm)  and L2 is the average diameter of sintered
ample (mm).

The sintered ceramic samples of cylinder size ˚20 mm × 20 mm
ere evaluated for their compressive strength following Chinese
ational Standard GB/T 4740-1999 [26]. The loading speed was

 mm/min. Compressive strength (�e, MPa) was calculated basing
n the formula �e = 4P/�D2, where P is the maximum load of sam-
le fracture under pressure (N), � the circumference ratio and D is
he diameter of the tested sample (mm).

.3.2. Measurement of radioactivity levels
The radioactivity levels of raw materials, chemicals, the natu-

al radioactive background, and testing samples were measured
sing a radiation detector (Inspector Alert), model No. Inspector of

NSPECTOR, U.S.A. The number of counts detected by the Inspector
lert varies from reading to reading due to the random nature of
adioactivity. A reading is expressed more accurately as an aver-
ge over time, and the average is more accurate over a longer
ime period. Therefore, radiation measurement was operated in
otal/Timer mode to take a total count for a timed period of three
inutes obtaining three-minute average in this study. The SI unit

ecquerel (Bq) was used in this paper which is calculated by the
elational expression 1 Total/Timer = 1 CPM = 60 Bq.

.3.3. X-ray powder diffraction analysis
The X-ray powder diffraction study of the sintered samples was
arried out using an X-ray diffractometer (XRD) (Cu K�1, 1.54060 Å,
odel No. X’Pert PRO, PANalytical B.V, Almelo, Holland) with volt-

ge 40 kV, current 40 mA.  X-ray patterns were taking by measuring
� from 5◦ to 80◦, at a step size of 0.02o and a dwell time of 5 s

Fig. 4. Photograph of R
Linear shrinkage (%) 12.26 ≤10.0
Compressive strength (MPa) 78.12 ≥30.0

per step. The resulting powder diffraction patterns were analyzed
utilizing a software package program.

2.3.4. The scanning electron microscope analysis
The fracture surface microstructure observation of the sintered

samples was  investigated using a scanning electron microscope
(SEM), model No. JSM-6380LV of JEOL Ltd., Tokyo, Japan. The
samples were coated with carbon prior to examination. The
microstructure of the samples was  examined in detail using SEM
and the micrographs were taken.

3. Results and discussion

3.1. Properties of the self-glazing ceramic materials

The photograph of RMCM specimen is shown in Fig. 4. As shown
in Fig. 4, RMCM specimen of ˚20 mm × 3 mm was prepared by
molding and sintering. It is apparent that the ceramics surface is
shiny and smooth, and the glaze layer is full (cf. Fig. 4A). The red mud
based ceramic green body composed of oxides of alkaline metal, sil-
icon and heavy-metal that, when sintered, produces its own glaze
coating. No further glaze will be needed for the green body to fire
with a glossy glaze surface. The specimen does not appear to have
quality problems, such as dehiscing, warping and transmogrifying
(cf. Fig. 4B).

The results of properties tests are summarized in Table 2.
According to the test results, both water absorption and appar-

ent porosity of the self-glazing ceramic materials decreased and
approached zero very well within the red mud  self-glazing system.
The bulk density of the ceramic materials was  about 15% higher
than that of common ceramics criterion. The compressive strength

MCM specimen.
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Fig. 6. Radioactivity levels of test samples. (A) Red mud  untreated; (B) red mud
milled for 24 h and dried at 105 ◦C for 8 h; (C) the green body contained heavy-
metal oxide; (D) the RMCM contained no heavy-metal oxide obtained at 1000 ◦C,
1  h; (E) under-burnt RMCM contained heavy-metal oxide obtained at 950 ◦C, 1 h;
Fig. 5. Photograph of RMSS specimen.

f the ceramic materials has reached value of 78.12 MPa, which was
uch higher than that of the requirement of structural materials

rovide in Chinese National Standard GB 5101-2003 [27]. The inor-
anic high-temperature reactions help to accelerate the strength
evelopment of RMCM at high-temperature stages of sintering.
owever, the linear shrinkage of RMCM did not meet the require-
ent of common ceramics criterion. In consideration of the high

inear shrinkage in a part of RMCM,  we had developed another
pherical RMCM,  so-called red mud  based sintering sand (RMSS).
he photograph of RMSS specimen is shown in Fig. 5, it can be seen
hat the RMSS also produce their own glaze coating and the surfaces
re shiny.

It can be inferred from the properties that it is feasible to use red
ud  and other oxides of alkaline metal, silicon and heavy-metal to

roduce self-glazing RMCM and RMSS. Possessing important envi-
onmental and economic significances, the produced self-glazing
MCM and RMSS will not only consume large quantities of red mud,
ut also decrease the production cost of RMCM and RMSS.

.2. Radioactivity levels of raw materials and the natural
adioactive background

The radioactivity levels of raw materials, chemicals and the nat-
ral radioactive background were measured by the Inspector Alert.
he number of counts detected by the Inspector Alert varies from
eading to reading due to the random nature of radioactivity. A
eading is expressed more accurately as an average over time, and
he average is more accurate over a longer time period. In order to
nterpret the readings getting on the Inspector Alert accurately, the
atural radioactive background level of the area where the experi-
ent was carried out should be established. The radioactivity levels

f raw materials, chemicals and the natural radioactive background
evel are listed in Table 3.

Table 3 shows that the radioactivity levels of red mud  (6360 Bq)
s about 76.6 percent higher than that of Guilin’s background level
3600 Bq). Guilin is the most typical and rare example of Karst
opography in terms of its scale and uniqueness. In geographic
erms, Karst Topography is a landscape shaped by the chemical
enudation of a layer, suffusion and erosion of water, or layers
f soluble bedrock for hundreds of million years, usually carbon-
te rock such as limestone or dolomite [28]. Therefore, the natural
adiation level of Karst area is considerable low [29–31].  If the

adioactivity levels of RMCM can be reduced to that of the natural
adioactive background of Guilin Area, the materials can be used in
ome areas.
(F)  self-glazing RMCM contained heavy-metal oxide obtained at 1050 ◦C, 1 h; (G)
over-burnt RMCM contained heavy-metal oxide obtained at 1150 ◦C, 1 h).

3.3. The regularity and mechanism of reducing the radioactivity
levels of RMCM

The results of radiation measurement of red mud, green body
and sintered samples are given in Fig. 6. According to measured data
of the test samples, in order of raw material (red mud) – ball milling
– green body – sintered samples (under-burnt) – self-glazing sam-
ples (be rich in glass phases) – over-burnt samples (high porosity),
the radiation level has clear change law: the radioactivity levels
of red mud  is obvious declined, and can be reduced to that of the
natural radioactive background of Guilin Area, China.

Milled for a period of time, the radioactivity levels of red mud
can be reduced from 6360 Bq (Sample A) to 6180 Bq (Sample B),
because fine particles have excellent adsorption to alpha and beta
particles, and the fine structure has superiority of blocking radiation
to the emission of alpha, beta and gamma  rays. By adding a certain
amount of heavy-metal compounds in materials and compress-
ing into green body, the radiation level can be evidently reduced
to 4540.2 Bq (Sample C). According to the Bethe–Bloch formula
of classical quantum theory, energy-loss rate is directly propor-
tional to atomic number and number density of atoms in matter
[32,33]; that is, materials with high atomic number and high den-
sity which have excellent stopping power to radiation particles,
and the action of fine structure is more conspicuous in radiation-
shielding. The green bodies were calcined in air ambience to obtain
sintered samples with high compactness and high atom density.
The radioactivity levels of sample containing heavy metals (Sam-
ple E) are lower than that of sample containing no heavy metals
(Sample D). Within the pale of sintering temperature, a rise in sin-
tering temperature resulted in a rapid increase in the glass phases
of sample (Sample F), and the radiation level of Sample F can be
reduced to 3540 Bq to meet the level of the natural radioactive back-
ground of Guilin Area, China. But, with the increasing of sintering
temperature, the sample undergoes over-burnt progress resulting
in high porosity, of which the radioactivity level increase a little
(Sample G).

The XRD patterns of the self-glazing RMCM (Sample F) are
presented in Fig. 7, and the respective phases identified are given

in Table 4. It can be seen that the main crystal phase (CaAl4Fe8O19,
hematite, quartz and calcium silicate) and minor crystal phase
(ilmenite and perovskite) appeared in the sample obtained during
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Table 3
Radioactivity levels of raw materials, chemicals and the natural radioactive background.

Designation Red mud  Red sandstone BaCO3 Red lead CaO MgO  Natural radioactive
backgrounda

Radioactivity levels (Bq) 6360.0 3940.2 3840.0 3840.0 3799.8 4159.8 3600.0

a The natural radioactive background level of Guilin Area, China.

Table 4
The main mineralogical phases present in the self-glazing RMCM.

Peak number Mineral name Chemical formula Reference code Crystal system

1 Calcium aluminum iron oxide CaAl4Fe8O19 00-049-1586 Hexagonal
2 Hematite Fe2O3 01-089-0598 Rhombohedral
3  Quartz SiO2 01-078-1254 Hexagonal
4  Calcium silicate Ca2(SiO4) 01-086-0401 Hexagonal
5  Ilmenite FeTiO3 01-075-1212 Rhombohedral
6  Perovskite CaTiO3 01-082-0229 Orthorhombic
7  Barium silicate BaSiO3 01-070-2112 Orthorhombic

s
a
B
t
s
r

Fig. 7. XRD patterns of the self-glazing RMCM.

intering. Raw materials component such as CaO, Al2O3, SiO2
nd BaO dissolved to construct the CaO–Al2O3–SiO2 system and
aO–Al2O3–SiO2 system glass phases at high sintering temperature

o obtain long-term durability and high strength of vitrification
amples which have excellent radiopaque power to a variety of
adioactive elements and radioisotopes.

Fig. 8. SEM micrograph of fracture surface of the self-glazing RMCM.
Fig. 9. SEM micrograph of fracture surface of the over-burnt RMCM.

The scanning electron microphotograph exhibiting the fracture
surface microstructure of the self-glazing RMCM is given in Fig. 8.
The micrograph shows that large quantities of small pores observed
inside the ceramics (cf. the left area of Fig. 8). The pores within the
green body are hindered by the melt on interface between the green
body and high viscosity melt with the rising of firing temperature.
During the cooling process, the high temperature melt is cooled to
form glass phases, and due to the surface tension of the melt, the
formation of spherical pores as shown in Fig. 8 are created. There-
fore, the formation of spherical pores indicates the occurrences of
the self-glazing phenomenon.

Fig. 9 presents the microstructure of the over-burnt RMCM. Due
to large quantities of big pores within the RMCM, the radiopaque
power decrease with the increasing of radiating area. Therefore,
the radioactivity level of Sample G increases a little contrast to the
self-glazing RMCM.

4. Conclusions

Based on the results of the present investigation, the following
conclusions can be drawn:

(1) The red mud  based ceramic green body composed of oxides of

alkaline metal, silicon and heavy-metal produces can undergo a
phenomenon so-called self-glazing when sintered. No further
glaze will be needed for the green body to fire with a glossy
glaze surface.
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2) In order of raw material (red mud) – ball milling – green body
– sintered samples (under-burnt) – self-glazing samples (be
rich in glass phases) – over-burnt samples (high porosity), the
radiation level has clear change law: the radioactivity levels of
red mud  (6360 Bq) are obvious declined, and can be reduced to
that of the natural radioactive background of Guilin Area, China
(3600 Bq).

3) The XRD and SEM analyses have revealed that a considerable
content of glass phases created in the ceramic materials during
the sintering process. The radioactivity levels of RMCM can be
reduced prominently by the self-glazing.

4) Possessing important environmental and economic signifi-
cances, it will not only consume large quantities of red mud,
but also decrease the production cost of RMCM and RMSS.
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