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Abstract: The mineral transition, microstructure and self-pulverization as well as the Al,O; leaching performance of calcium
aluminate clinkers with different P additions in CaO—Al,0;—SiO, system during high-temperature sintering were systematically
studied by XRF, XRD, SEM—EDS and DSC-TG technologies. The clinkers sintered at 1350 °C mainly contain 12Ca0O-7AlL,0s3,
Ca0-Al,03, -2Ca0-Si0, and y-2Ca0-Si0,. The content of $-2Ca0-SiO, increases while the content of y-2Ca0-SiO, decreases as
the P addition increases. The self-pulverization property of clinkers deteriorates with increasing P addition. P distributes evenly in the
clinkers, and inhibits the transformation of f-2Ca0-SiO, to y-2Ca0O-SiO,. The cell volumes of 12Ca0O-7Al,03 and CaO-Al,O3
decrease and increase respectively as the P addition increases, and P decreases their formation temperatures. The Al,O; leaching rate
of calcium aluminate clinkers decreases obviously with increasing P addition, which decreases form 95.01% to 83.84% as the P

addition increases from 0 to 0.85%.
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1 Introduction

Calcium aluminate compounds in CaO—Al,0;—Si0,
ternary system are the research focus in basic theories
and applications, which have played an important role in
the areas of refractories, oxide ceramics, cement
chemistry, metallurgical slags and geochemistry [1—4].
The calcium aluminates are mainly comprised of
3Ca0-ALO; (C5A), 12Ca0-7ALO; (CirA7), CaO-ALOs
(CA), Ca0-2A1,0; (CA,), CaO-6AL0O; (CAg) [5]-
Combustion synthesis and mechanical activation were
used to synthesize calcium aluminates by RODRIGUEZ
et al [6] and CHEN [7]; MOHAMED and SHARP [8,9]
obtained the formation mechanism and microstructure
characteristics of CA and C;A; OSTROWSKI and
ELAZNY [10] determined the solid solutions of calcium
aluminates; STOBER et al [11] and VERMA et al [12]
studied the crystal structure and physical-chemical
properties in Mn*, Mn**, Fe** and Tb*" doped C,A; and
other aluminates, respectively.

Calcium aluminates are also the main constitutes of
sintering clinker in the lime-sinter process from alumina
industry [13]. TIAN et al [14] and ZHANG et al [15]

studied the formation mechanisms of different calcium
aluminate compounds with different molar ratios of CaO
to Al,O; in CaO—ALO; system and CaO—AlL,03;—SiO,
system respectively, and found that the calcium
aluminates present as a layered distribution and all the
calcium aluminates play role as the intermediate phases
to the final equilibrium phases. YU et al [16,17]
discussed the effects of Na,O and iron oxides on the
formation activity of calcium aluminate clinker, and
found that Na,O and FeO can form solid solutions in
Ci,A- and inhibit the transformation of $-2Ca0-SiO, to
y-2Ca0-Si0,. WANG et al [18,19] investigated the
effects of MgO and S on the mineral transition and
leaching properties of calcium aluminate clinkers, and
found that they can form 20CaO-13Al1,03-3Mg0-3Si0,
and 3Ca0-3Al1,0;-CaSQO,, respectively. However, as an
important impurity in bauxite ores and other raw
materials, the effects of P on the formation process and
leaching properties of calcium aluminate clinkers are
unknown. The content of P in bauxites usually ranges
from 0.05% to 0.5% in the mineral form of apatite. In
this work, the self-pulverization, sintering characteristics
and leaching properties of calcium aluminate clinkers
with different P additions were systematically investigated
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in the CaO—AL,0;—Si0O,; system based on the lime-sinter
process.

2 Experimental

Analytically pure reagents of CaCOs;, ALO;, SiO,
and Ca;3(PO,), were used in this study, and the calculated
mass fractions of oxides for the sintering process are
49.70% CaO, 10.06% SiO,, 40.24% Al,05 and 0—0.85%
P. Then, the mixtures were milled in a ball mill for 3 h. A
programmable MoSi, heating furnace was used for
sintering in a graphite crucible at 1350 °C for 1 h, and
then the clinkers were cooled to room temperature in the
furnace after sintering.

The calcium aluminate clinkers were ground to
below 74 um in particle size and then leached at 80 °C
for 30min in sodium carbonate solution. The
concentration of sodium carbonate solution (in form of
Na,0) is 80 g/L. The liquid-to-solid ratio of sodium
carbonate solution to clinker for leaching is 10:1. The
leached slurry was filtrated using a Buchner funnel. The
concentrations of caustic alkali (N, in form of Na,0),
total alkali (Nr, in form of Na,O) and Al,O; (AO) in the
filtrate were determined by the volumetric method, and
the filter residues were washed with hot water and dried
for chemical analysis. The Al,O; leaching rate (77A1203 )is
calculated according to the following formula:

— (mA /ms )clinker _(mA /ms)residue
a0, (m, /my)
Al s

x100% 1)
clinker

where (ma/ms)clinker and (MaA/Ms)resique are the mass ratios
of Al,O; to SiO, in the sintered clinkers and leached
residues, respectively.

The contents of Al,O; and SiO, in the sintered
clinkers and leached residues were determined using
X-ray fluorescence (XRF, ZSX100¢) [20]. The mineral
compositions of clinkers and residues were estimated by
X-ray diffraction (PANalytical PW3040/60). Quantitative
analyses were performed by the Rietveld refinement
method. The differential scanning calorimetry (DSC) and
thermogravimetric (TG) analysis were performed using
NETZSCH STA409C/CD simultaneous thermal analyzer
in dynamic Ar atmosphere with a heating rate of
10 °C/min. The morphology and micro-composition of
minerals in clinker were obtained by SEM (SHIMADZU
SSX—-550) coupled with EDS (DX—4).

3 Results and discussion

3.1 Pulverization property of calcium aluminate
clinkers
The macrostructures of calcium aluminate clinkers
with different P additions are shown in Fig. 1. The
clinker without P is pulverized very well; as the P

addition increases to 0.50%, about 40% of the clinker is
not pulverized as vitreous particles, which is over 74 um
in particle size, and the other is shown in Fig. 1(b); when
the P addition is 0.85%, the clinker is absolutely not
pulverized.

Fig. 1 Macrostructures of calcium aluminate clinkers with
different P additions: (a) Without P; (b) 0.50% P; (c) 0.85% P

The main sintering reactions of CaO—AlL05;—SiO,
ternary system at 1350 °C are the formation of calcium
aluminates and dicalcium silicate, as shown in Formulae
(2) and (3). Dicalcium silicate (2Ca0O-SiO,, C,S) has a
variety of crystal structures [21], e.g. a, a'y, a'L, f and p,
which transform to each other under different conditions.
The crystal of C,S during the lime-sinter process
transforms from f to y at (700+20) °C during the cooling
process of calcium aluminate clinkers. The volume of
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clinkers will expand about 10% during the
transformation process because of different relative
densities of the two types of C,S (the densities of f-C,S
and y-C,S are 3.28 and 2.97 g/cm’, respectively). Then,
the internal stress in the inner crystals of C,S will make
the clinker pulverized itself. The pulverization properties
of calcium aluminate clinkers get much worse with
increasing P addition, as shown in Fig. 1, indicating that
P inhibits the transformation of $-2C,S to y-2C,S. The
reason may be that P can enter into the crystal lattice of
C,S and forms solid solutions, and then the glassy
structure will form in the cooling process, as seen in
Fig. 1(c), which inhibits the f to y transformation. In fact,
B,0;, Na,0, K,0, MgO, BaO, MnO, and Cr,0O; were
also reported to stabilize 5-C,S [22].

mCaO(s)+nAl,03(s) — mCaO-nAl,Os(s) (2)
2Ca0(s)+Si0,(s) —=2Ca0-SiOy(s) 3)

3.2 Mineral transition of calcium aluminate clinkers

The XRD patterns of calcium aluminate clinkers
with different P additions are shown in Fig. 2. All the
clinkers contain Ci,A;, CA, B-C,S and y-C,S, and the P
impurity does not affect the phase types of calcium
aluminate clinkers. However, the mineral contents in
clinkers are different. The peak intensity of p-C,S
decreases and the peak intensity of -C,S increases as the
P addition increases, as seen in Fig. 2.
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Fig. 2 XRD patterns of calcium aluminate clinkers with
different P additions

The mineral compositions in calcium aluminate
clinkers with different P additions were calculated by the
Rietveld method as listed in Table 1. The contents of
C12A; and CA do not change obviously, but the contents
of p-C,S and y-C,S change accordingly with
increasing P addition. When there is no P addition, C,S is
mainly in the form of y-C,S. However, as the P addition
increases, the content of y-C,S decreases while the
content of S-C,S increases. When the P addition is 0.85%,

B-C,S is the dominant existence of C,S. The above

results are consistent with the self-pulverization
properties of calcium aluminate clinkers, which
demonstrate that the P impurity restrains the

transformation of -C,S to y-C,S.

Table 1 Mineral compositions in calcium aluminate clinkers
with different P additions (wt.%)

P addition/wt.% CrA, CA y-C,S p-C,S
0 25.2 429 26.4 5.5

0.20 28.4 37.9 21.5 12.3

0.50 26.2 39.7 18.8 153

0.85 27.1 38.1 4.5 30.2

The crystal parameters of calcium aluminate
compounds in clinkers with different P additions were
calculated and listed in Table 2. C;A; belongs to the
cubic system with 743d space group, and CA belongs
to the monoclinic system with P21/n space group. As the
P addition increases, the lattice constant (a) of Cj A
decreases gradually, and the corresponding cell volume
(V) decreases. Meanwhile, the lattice constant a of CA
decreases while the » and ¢ increase with increasing P
addition, and the corresponding cell volume increases
gradually. Because no P-containing phase was found in
the XRD patterns, the changes in the lattice constants
and cell volumes of C,A; and CA indicate that P can
form solid solutions in calcium aluminates, which is also
proved by the following P distribution in the calcium
aluminate clinker according to the map scan analysis of
SEM.

Table 2 Crystal parameters of calcium aluminates in clinkers
with different P additions

addition/ R R

o a=b=c/nm V/nm’ a/nm b/mm c¢/nm V/nm
wt.%

0 1.1997 1.7267 0.8689 0.8125 1.5037 1.0616
0.20 1.1988  1.7228 0.8679 0.8129 1.5090 1.0646
0.50 1.1982  1.7202 0.8654 0.8135 1.5172 1.0681
0.85 1.1980 1.7194 0.8651 0.8143 1.5319 1.0791

3.3 Morphology of calcium aluminate clinker

The SEM image of clinker sintered with 0.85% P is
shown in Fig. 3. The morphology of clinker is divided to
three regions, i.e. light grey, medium grey and dark gray,
which are adjacent to each other but the borderlines are
clearly discerned. The micro-compositions of the three
regions determined by EDS are listed in Table 3, and the
corresponding C/A ratio (the molar ratio of CaO to
AlL,O3) and C/S ratio (the molar ratio of CaO to SiO,)
were calculated.
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Fig. 3 SEM image of calcium aluminate clinker containing
0.85% P

Table 3 EDS results of clinker corresponding to Fig. 3 (at.%)

Point No. Ca Al Si C/A C/S
1 34.39 - 15.95 - 2.16
2 21.25 27.26 - 1.56 -
3 15.70 34.38 - 0.91 -

The light grey region (Point 1 in Fig. 3) is mainly
composed of Ca, Si and O, and the C/S ratio is about 2,
which corresponds to C,S based on the XRD results. The
crystal size of C,S is 2—8 um. Both the medium grey
region (Point 2) and the dark gray region (Point 3) are
composed of Ca, Al and O, but the C/A ratios are quite
different. According to the C/A ratios and XRD results,
the medium grey region corresponds to Ci,A;, while the
the dark gray region corresponds to CA.

The elemental distribution of calcium aluminate
clinker when sintered with 0.85% P was obtained by map
scan analysis of SEM, as shown in Fig. 4. The elements
of Ca, O and P distribute evenly, while Al mostly
distributes in the medium grey and dark gray regions
where the calcium aluminate compounds distribute. Si
mainly distributes in the light gray region of C,S.

3.4 Thermal analysis

The DSC and TG curves of the mixtures of CaCO;,
ALO; and SiO, without P and with 0.85% P during
heating process are shown in Fig. 5. The mass of both
TG curves has little change over 800 °C after the
decomposition of CaCOs, but a series of endothermic
peaks appear in the DSC curves. According to the related
references [8,9], the endothermic peaks at 1100—1300 °C
represent the reactions of C,S formation. As CA is the
main calcium aluminate compound in the clinkers, the
endothermic peaks at 1334.8 °C in Fig. 5(a) and at
1331.0 °C in Fig. 5(b) are related to the formation of CA,
while the endothermic peaks at 1382.9 °C in Fig. 5(a)
and at 1374.3 °C in Fig. 5(b) are related to the formation
of C,A;. The P addition decreases the formation
temperatures of calcium aluminate compounds in
clinkers, which has the same effect with Na,O [16].

Combining the macrostructure and the XRD
analyses of the clinkers with the DSC results, the
following conclusions can be drawn: P can decrease the
mineral formation temperature and the melting
temperature of clinkers, and distributes evenly in the
liquid which forms solid solutions in both calcium

@

Fig. 4 SEM image (a) and elemental distributions (b—f) of calcium aluminate clinker containing 0.85% P
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Fig. 5 DSC-TG curves of mixtures without P (a) and with
0.85% P (b) during heating process

aluminates and dicalcium silicate; then P inhibits the
transformation of S-C,S to y-C,S, which makes the
clinkers glassy and unpulverized.

3.5 Leaching property of calcium aluminate clinkers
The leaching reactions of calcium aluminate
compounds in sodium carbonate solution are shown in
Formulae (4) and (5), respectively. Meanwhile, C,S can
also react with the alkali solution as listed in Formulae (6)
and (7), and then transform to the corresponding
desilication products (DSPs) as listed in Formulae (8)
and (9) known as the secondary reaction in the sinter
process [23]. The leaching results of clinkers with
different P additions in sodium carbonate solution are
shown in Table 4. The concentrations of caustic alkali
and alumina in sodium aluminate solution after leaching
decrease with increasing P addition, especially an
obvious decrease when the P addition reaches 0.85%.
The ALO; leaching rate of clinkers and the molar
ratio of caustic alkali to alumina (ag) in sodium
aluminate solution after leaching were calculated and
shown in Fig. 6. Both the Al,O; leaching rate and ay
decrease with increasing P addition. The Al,O; leaching
rate decreases from 95.01% to 90.26% when the P

addition increases from 0 to 0.50%; as the P addition
increases to 0.85%, the Al,O; leaching rate is only
83.34%, demonstrating that P deteriorates the leaching
properties of clinkers.

12CaO- 7A1203(S)+ 1 2N32CO3(1)+33H20:
12CaCO5(s)+14NaAl(OH),()+10NaOH(I)  (4)

CaO- A1203(S)+N32CO3(1)+4H2():

CaCO4(s)+2NaAl(OH)4(I) (5)

2Ca0-Si0y(s)+2NaOH(1) +H,0—
2Ca(OH),(1)+Na,SiOs (1) (6)

2Ca0O- SiOz(S)+2N32CO3(l)+H20:
2CaCOs(s)+Na,SiO5(1)+2NaOH(l) 7

1.7Na,Si05(1)+2NaAl(OH)(1)—
Na,0-ALO;* 1.78i0, nH,0(s)+
3.4NaOH(1)+(2.3-n)H,0 (8)
3Ca(OH),(1)+xNa;SiOs(1)+2NaAl(OH),(1)—
3Ca0- AL 05 xSi0, (6-2x)H,0(s)+
2(x+1)NaOH(1)+xH,0 9)

Table 4 Leaching results of calcium aluminate clinkers with
different P additions

P Liquor concentration/ Solid
addition/ (gL™ composition/wt.%
wt%  Ng Ny AO ALO; Sio,
0 30.75  78.66  38.81 1.64 8.22
0.20 3025 80.22  38.26 2.15 9.14
0.40 29.25  80.66  37.57 3.03 10.46
0.50 2793 8045 36.53 4.11 10.55
0.85 2573 7881 3475 5.84 9.04
1.32
B o
o0l . '\' 11.30
S ~
‘°§ gs | \\. 11.28
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Fig. 6 Al,O; leaching rate and oy of calcium aluminate clinkers

with different P additions after leaching

The XRD patterns of the leached residues without P
and with 0.85% P are shown in Fig. 7. The main minerals
in the leached residues are CaCOj;, f-C,S and y-C,S
because of the decomposition of calcium aluminate
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compounds. However, some Cj,A; still exists in the
residue when the clinker contains P impurity,
demonstrating that P deteriorates the leaching activity of
CpA; of clinkers in sodium carbonate solution. In
addition, CA is not found in both residues with and
without P addition, indicating that the leaching property
of CA is good and it is not affected by the P impurity.

o CaCO; ¢ §-CS
A—y-C,S m—CpA,

. 0.85% P
Y P P

o
* Ao

Without P

20 30 40 50 60 70 80
26/(°)
Fig. 7 XRD patterns of leached residues of calcium aluminate
clinkers without P and with 0.85% P

No DSPs were found in the leached residues, as
seen in Fig. 7, indicating that the secondary reaction of
C,S does not happen because of the high liquid-to-solid
ratio during leaching [23,24]. As listed in Formulae (4)
and (5), the decomposition of Cj,A; in sodium carbonate
solution leads to the increase of Nk because of the extra
formation of NaOH as compared to CA. On the other
hand, as shown in Table 1, the addition of P during
sintering can increase the content of Ci,A; but decrease
the content of CA. However, the N¢ in sodium aluminate
solution after leaching decreases with the increase of P
addition as seen in Fig. 6, which also demonstrates that P
increases the stability of C;;A; during the sintering
process and then results in more un-decomposed Ci,A;
in clinker during leaching.

Therefore, P has a negative impact on the sintering
and leaching properties of calcium aluminate clinkers in
Ca0—Al,0;—Si0, system. P cannot only inhibit the
transformation of f-C,S to p-C,S to deteriorate the
self-pulverization property of clinker, but also form solid
solutions in calcium aluminates to decrease the alumina
leaching rate of clinker. The content of P should be
controlled to be less than 0.50% in the final calcium
aluminate clinker.

4 Conclusions
(1) The self-pulverization properties of calcium

aluminate clinkers are increasingly deteriorated by
increasing P addition because P hinders the transformation

Of,B-CzS to y—Czs.

(2) The clinkers mainly contains CjpA7, CA, S-C,S
and y-C,S, but the content of f-C,S increases while the
content of y-C,S decreases as the P addition increases.

(3) The cell volumes of Ci,A; and CA decrease and
increase respectively as the P addition increases, and P
decreases the formation temperatures of calcium
aluminates and increases the stability of CjpA; during
sintering.

(4) The ALO; leaching rate of calcium aluminate
clinkers decreases from 95.01% to 83.84% as the P
addition increases from 0 to 0.85%. The content of P
should be controlled to be less than 0.50% in the calcium
aluminate clinker.
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# ZE: K XRF. XRD. SEM-EDS Ml DSC-TG 3 AR FBAF FL AN P & & TR ARME MR g i 2 v
HI MREEAE . B ER PR R LA EIR PR . 1350 °C FRALE BBl F Bl 12Ca0-7ALOs.  CaO-Al, 05+
B-2Ca0-Si0, Fl p-2Ca0-Si0, Z5H A BEE P S MG, B-2Ca0-SiO, FEZEWiFI &, T y-2Ca0-Si0, & &
BET AR, AR EM RS P &R IR %k, P EREI IS A, HAFEIR] p-2Ca0-SiO, 1]
7-2Ca0-SiO; 48 . 12Ca0-7ALO; Fl CaO-AlLOs I EHBAFRBEAE P &2 38 o Hl AR, H P BEFHKES
FRESAL A I T BB o ARERATS 2RI AR R B P& I8 il BRI, 24 P &tk 0 $2/m 2 0.85%0,
AALERIR H R 95.01% &1L 5) 83.84%.
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