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Differences in competitive reactions between hydrogarnet and quicklime
during Bayer digestion process
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Abstract: The differences in the competitive reactions of hydrogarnet and quicklime when reacting with titanium-
containing and silicon-containing minerals during the Bayer digestion process were investigated. Thermodynamic
analysis, artificial mineral experiments, and an evaluation of the digestion effect of natural diasporic bauxite were
conducted. The results indicate that hydrogarnet shows a preferential reaction with anatase, and this preference becomes
more pronounced as the silicon saturation coefficient increases. In contrast, quicklime participates in non-selective
reactions with both anatase and desilication products (DSP). The preference of hydrogarnet for anatase significantly

enhances the utilization efficiency of CaO in the high-temperature Bayer digestion process.
Keywords: hydrogarnet; quicklime; competitive reactions; silicon saturation coefficient; bauxite; Bayer digestion

1 Introduction

Bauxite resources in China primarily consist of
diasporic bauxite [1,2]. During the Bayer digestion
process, titanium-containing minerals in bauxite
can form dense sodium titanate layers on the
surfaces of diasporic particles. These layers can
hinder the reaction of bauxite in sodium aluminate
solution [3,4]. To mitigate the inhibitory effects of
titanium-containing minerals, alumina refineries
typically add 6%—10% quicklime [5,6]. The
addition of quicklime not only alleviates these
negative effects but also reduces the N/S ratio of
red mud (the mass fraction ratio of Na,O to SiO,)
and decreases the consumption of caustic alkali in
the Bayer process. However, the use of quicklime
presents several challenges, including increased
losses of aluminum oxide [7], higher emissions of
red mud, and more complex residue components.
These factors collectively impede the efficient

recovery of valuable elements, such as iron [8],
aluminum, and titanium, from red mud.

In the Bayer process, calcium-containing
phases can react with both silicon- and titanium-
containing components. In sodium aluminate
solutions, various thermodynamically stable or
kinetically favorable phases of CaO can exist under
different temperatures and alkali concentrations,
such as slaked lime (Ca(OH),), calcite (CaCO:s3),
iron hydrogarnet (3CaO-Fe;03-nSiO,:(6—2n)H,0,
n=0-1), and hydrogarnet (3Ca0O-Al,03-nSi0"
(6—2n)H,O, n=0-1). The reaction pathways that
occur when these calcium-containing phases react
with silicon- and titanium-containing components
depend on the specific calcium-containing phase
used as the initial reactant [9]. Therefore, using
additives such as hydrogarnet and calcite in the
Bayer digestion process can change the reaction
pathways of CaO, thereby alleviating the drawbacks
associated with the direct addition of quicklime.
This strategy can effectively reduce the amount of
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CaO required while maintaining an efficient
digestion process.

LI et al [10] and YANG et al [11] utilized
dicalcium ferrite (2CaO-Fe,0s3) as an additive for
the digestion of diasporic bauxite in the Bayer
process. The A/S ratio (the mass fraction ratio of
ALO; to SiO;) and the N/S ratio were less than
1.20 and 0.35 in the red mud, respectively. Further-
more, they synthesized calcium ferrite hydrate
(3Ca0-Fe,03-6H,0) as another additive, resulting
in red mud with an A/S of 0.74 and an N/S of 0.24
[12]. These findings highlight the potential of
dicalcium ferrite and calcium ferrite hydrate as
alternatives to quicklime for enhancing alumina
digestion efficiency during the Bayer process.
However, it is important to note that the preparation
processes for these additives are relatively complex.
Dicalcium ferrite is produced by sintering iron
mineral and quicklime at high temperatures, while
the formation of calcium ferrite hydrate requires
further hydration of dicalcium ferrite. Moreover, the
addition of both additives contributes to the
formation of iron hydrogarnet during the Bayer
digestion process. The iron hydrogarnet can
complicate the phase composition and embed
characteristics of iron minerals in red mud. These
changes can adversely affect the recovery of iron.

Hydrogarnet refers to a group of compounds
characterized by the general chemical formula
(3Ca0-Al,03-1S102:(6—2n)H20), where n denotes
the silicon saturation coefficient. Specifically, n
represents the substitution degree of 4(OH)™ by
(Si04)* in hydrogarnet [13—15]. Thermodynamic
calculations have indicated that hydrogarnet
without (SiOs)* (3Ca0-ALO;6H,0) can react
with titanium-containing minerals, resulting in
the formation of perovskite (CaTiOs) [16]. This
reaction presents a potential solution to mitigate the
retardation effects associated with titanium-
containing minerals. ZENG et al [17] conducted
experiments using leaf-filtered residue (38% TCA,
18% slaked lime, and 38% hydrogarnet) as a
replacement for quicklime. Their results revealed
that when the C/S ratio (the mass fraction ratio of
CaO to Si0») in the configured ore was greater than
1.0, the resulting red mud exhibited an A/S ratio of
less than 1.2, and the relative digestion rate of
alumina surpassed 94%. Additionally, ZHANG
et al [18] synthesized hydrogarnet to enhance
the digestion of bauxite. The results indicated that

hydrogarnet promoted digestion more effectively
than quicklime when their doses were 6% CaO
equivalent dosage. Under optimal conditions, the
relative digestion rate of alumina surpassed 97%.

Hydrogarnet can be generated during the
pre-desilication of bauxite, obtained from the
desilication of crude liquor, or formed during the
dealkalization of red mud. It is a byproduct of the
Bayer process and presents a potential alternative
to quicklime. However, current reports on the
substitution of quicklime with hydrogarnet in the
Bayer digestion process mainly focus on procedural
discussion, while research on its reaction behavior
remains limited. This study investigates the
competitive reaction behaviors of hydrogarnet and
quicklime with titanium- and silicon-containing
minerals during Bayer digestion. The objective is to
provide a fundamental explanation for the enhanced
performance observed when hydrogarnet is used as
a substitute for quicklime. The research involves
thermodynamic calculations, artificial mineral
experiments, and an evaluation of the digestion
effect of natural diasporic bauxite.

2 Experimental

2.1 Materials and methods

Anatase (TiO,, analytical reagent, >99%) was
purchased from Sinopharm Chemical Reagent Co.,
Ltd. Kaolinite (Al:03-2Si0,-2H>0) was a natural
mineral. The diasporic bauxite used in this study
(51.31% ALOs, 23.30% Fe 0, 5.71% SiO,, and
3.10% TiO;) was obtained from the Guangxi
Branch of CHALCO. The mineralogical analysis
identified the primary minerals of bauxite as
diaspore (AIOOH), hematite (Fe,Os), goethite
(FeO(OH)), kaolinite (Al,03-2510,-2H,0),
halloysite (Al,03-2Si0,-4H,0), quartz (SiO»), and
anatase (TiO).

The sodium aluminate solution used in this
study (232 g/ Na,Oy, 125g/L ALOs, 10 g/L
Na,CO;, and 5 g/ Na,SO4) was prepared by
mixing industrial-grade aluminum hydroxide and
sodium hydroxide. Na,Ox refers to the total Na,O
equivalent concentrate of both Na[Al(OH)s4] and
NaOH. The desilication product (DSP) used was
synthesized from kaolinite. This synthesis followed
the method reported by CHENG et al [19].

The first type of hydrogarnet was obtained
from the wet grinding process at an alumina plant.
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The second type was sourced from the coarse liquid
filtration process in the Bayer process. The third
type was produced via the high-temperature
digestion process of alumina. Figure 1 presents the
X-ray diffraction patterns for the three samples. The
silicon saturation coefficients of the samples were
determined using the methods reported by LU
et al [20] and ZHU et al [21]. For clarity and ease of
explanation, the samples are designated as HG
(n=0.98), HG (n=0), and HG (#n=0.62), which
correspond to their respective silicon saturation
coefficients.

A Hydrogarnet,
3Ca0-Al,05-nSi0,+(6-2n)H,0 (n<1)
vV DSP, Na,0-Al,05:2Si0,-2/3NaOH-2/3H,0

lf ﬁ léﬁ

A A B HG (n=0.62
A‘ vy Y &% '\%? VA VAA AV A( A)V
N T HG (n=0.98)
A
N L )80 i g and a4
20 30 40 50 60 70

200(°)

Fig. 1 X-ray diffraction patterns of hydrogarnet with
different silicon saturation coefficients

In high-temperature hydrothermal experiment,
the required reactants were placed into a
stainless-steel bomb and mixed with a sodium
aluminate solution. To facilitate mixing, three
stainless-steel balls (d21 mm x 1, and d10 mm x 2)
were added to the bomb. The bomb was sealed and
immersed in a molten salt cell (YYL-150 x 6,
Weihai Dingda Chemical Machinery Co., Ltd.) and
was then rotated at 265 °C. After a designated
period, the bomb was removed from the cell and
promptly cooled with cold water. The resulting
slurry was subsequently filtered. The filter cake was
washed with hot water and dried at 100 °C for 12 h
before analysis.

2.2 Characterization

The contents of AlLO; and SiO; in red mud
were analyzed using ICP-OES (iCAP PRO X,
Thermofisher Scientific, America). The micro-
surface morphology was observed via SEM
(MIRA4 LMH, TESCAN, Czech), while the
micro-area chemical components were determined

using EDS (Ultim Max 40, Oxford Instruments,
Britain). The XRD (Empyrean 2, PANalytical,
Netherlands) analysis was conducted to identify
the minerals present in the samples.

The relative digestion rates of alumina in
bauxite were calculated using Eq. (1):

(A/S)l _ (A/S)z

1. (ALO;) = (A/S), -1

x100% (1)
where 7:(Al,O3) denotes the relative digestion rate
of alumina, while (A/S); and (A/S), denote the
mass fraction ratios of Al,O3 to SiO; in bauxite and
red mud, respectively.

3 Thermodynamic analysis

In thermodynamic calculations, the reactants
included calcium-containing additives (quicklime
or hydrogarnet) and main impurity minerals in
bauxite (anatase and DSP). Moreover, the silicon
saturation coefficients of hydrogarnet were taken as
0, 0.5, and 0.75. To get more accurate results, the
thermodynamic data for hydrogarnet and DSP were
estimated using the split-combination method
[22,23]. Furthermore, data for other substances
were obtained from Ref. [24]. In this context,
Table 1 presents the possible reactions among the
aforementioned reactants in the Bayer process.
Meanwhile, Fig. 2 illustrates the variations in the
standard Gibbs free energy change of reaction
(AGO) for these reactions from 323.15 to 573.15 K.

Figure 2(a) illustrates the variations in AGS
during the reactions of hydrogarnet (or quicklime)
with anatase at different temperatures. From 323.15
to 573.15K, AGY (Nos.(1)—(4)) consistently
exhibits negative values. These trends indicate that,
similar to quicklime, hydrogarnet can react with
anatase to form perovskite within this temperature
range. Furthermore, the A.GS (Nos. (1)—(3)) for
hydrogarnet—anatase reactions shows a marked
decrease with increasing temperature, whereas the
AGS (No. (4)) for the quicklime—anatase reaction
demonstrates only slight variation. Specifically,
starting at approximately 432 K, the AGY
(Nos. (1)—(3)) for the reactions of hydrogarnet with
anatase becomes more negative than A,.G. (No. (4))
for the quicklime—anatase reaction, with this
disparity increasing at higher temperatures. These
differences suggest that the reaction of hydrogarnet
with anatase is significantly more favorable than the
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Table 1 Possible reactions of quicklime or hydrogarnet in Bayer digestion process

301

No. Reaction
(1) 3Ca0- AL O3 6H>0+3TiO,+20H =3(Ca0-TiO»)+2[Al(OH)4] +3H,0
?) 3Ca0-Al03-0.5S10,-5H,0+3TiO,+1/2 Na™+20H =
3(Ca0-TiO,)+1/4(Nax0-Al,03-2S10,-H,0)+3/2[AI(OH)4] +11/4H,0
3) 3Ca0-Al03-0.75S10,-4.5H,0+3TiO,+20H +3/4Na*=
3(Ca0-TiO,)+3/8(Na20-Al,03-2S10,-H,0)+5/4[ AI(OH)4] +21/8H,0O
@) CaO+Ti0,=—Ca0O-TiO;
(5) 3Ca0-Al,O3-6H,0+1/2(Na,O- Al,03-2Si0,H,0)=3Ca0- Al,03-SiO; 4H,0+[ Al(OH)4] +Na™+1/2H,0
6) 3Ca0-Aly03-0.5510,-5H,0+1/4(NaxO- Al,03-2S10,-H,0)=—
3Ca0-AlL,03-Si07-4H,0+1/2[ AI(OH)4] +1/2Na*+1/4H,0
7 3Ca0-Aly03-0.75S102°4.5H,0+1/8(NayO- Al,03-2S10,-H,0)=—
3Ca0-Al,03-Si02-4H,0+1/4[ AI(OH)4]” +1/4Na*+1/8H,0
(8) 3Ca0+ 1/2(Naz0- Al,03-2Si0,-H,0)+Al(OH)4] +5/2H20 =3Ca0- Al,05" SiO,-4H,0+Na"™+20H"~
-60 @) ——— ®)
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Fig. 2 Variations in A,G for reactions in Table 1: (a) Anatase-related reactions; (b) DSP-related reactions

quicklime—anatase reaction at the high-temperature
stage of the Bayer process. Additionally, the A,GY
(Nos. (1)—(3)) can be influenced by the silicon
saturation coefficients of hydrogarnet, indicating
that higher silicon saturation coefficients are
associated with more positive AGS values and
higher initial temperatures at which the relevant
reactions can occur.

Figures 2(b) shows the variations in A,Go of
the reactions between hydrogarnet (or quicklime)
and DSP at different temperatures. At 485K
approximately, the AGo (No.(5)) becomes
negative. Additionally, the values of A.G (Nos. (6)
and (7)) begin to drop below zero at temperatures
around 500K and 516 K, respectively. These
trends indicate a decrease in reactivity between
hydrogarnet and DSP as the silicon saturation
coefficient increases. Throughout the examined
temperature range, the absolute values of AG?
(Nos. (5)—(7)) remain relatively low (<7.5 kJ/mol),

suggesting that the reactivity of hydrogarnet with
DSP is limited. In contrast, the A.GS (No. (8))
remains negative from 323.15 to 573.15 K, with
absolute values consistently exceeding 110 kJ/mol.
This highlights that, compared to hydrogarnet,
quicklime exhibits a stronger propensity to engage
in the dealkalization reaction with DSP throughout
the Bayer process.

The comparison of Figs. 2(a) and 2(b) reveals
that, at temperatures exceeding 432 K, the reaction
between hydrogarnet and anatase is more probable
than that between quicklime and anatase.
Furthermore, as the temperature increases, the
disparity between the probabilities of these two
reactions becomes more pronounced. In the Bayer
process, hydrogarnet only reacts with DSP at
temperatures exceeding 485 K, and the difficulty of
this reaction increases as the silicon saturation
coefficient rises. In contrast, quicklime can react
with DSP at temperatures below 373 K. The
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reaction behaviors of quicklime and hydrogarnet
in sodium aluminate solution reveal a significant
thermodynamic discrepancy. In summary, the
quicklime exhibits a lack of selectivity for titanium-
and silicon-bearing minerals, whereas hydrogarnet
shows a clear preference for anatase, which notably
intensifies with increasing silicon saturation
coefficient.

4 Results and discussion

4.1 Reactions of hydrogarnet and quicklime in
high-temperature digestion

Artificial mineral experiments were carried out
in both binary and ternary mineral systems to
validate the results of the preceding thermodynamic
analysis.

4.1.1 In binary mineral systems

2 g of calcium-containing mineral (HG
(n=0.98) or quicklime) was mixed with 2 g of
impurity mineral (DSP or anatase). The resulting
mixture was placed in a stainless-steel bomb, to
which 50 mL sodium aluminate solution was
added. The bomb was then maintained at 265 °C
for 60 min. Figure 3 shows the X-ray diffraction
patterns of the resulting products.

Figure 3(a) displays the X-ray diffraction
patterns of the product resulting from the reaction
between HG (n=0.98) and DSP (or anatase). The
characteristic peaks of new minerals are absent in
the product resulting from the reaction of HG
(n=0.98) and DSP. Moreover, the characteristic
peaks of DSP remain clearly evident. This
observation suggests the minimal reactivity
between HG (#=0.98) and DSP during the high-
temperature Bayer process. In the reaction product
of HG (n=0.98) and anatase, the characteristic
peaks of anatase completely disappear. Instead,
high-intensity peaks corresponding to perovskite
and weaker peaks associated with calcium hydroxy-
titanate appear. This phenomenon indicates a
significant interaction between HG (#=0.98) and
anatase in the Bayer digestion process.

Figure 3(b) presents the X-ray diffraction
patterns of the product obtained from the reaction
between quicklime and DSP (or anatase). The
characteristic peaks of hydrogarnet show up in
the reaction product derived from the reaction
of quicklime and DSP. This observation provides
compelling evidence of a significant reaction

between quicklime and DSP. Additionally,
quicklime reacts with anatase to form perovskite.

Experiments on artificial minerals in binary
mineral systems initially demonstrate that the
hydrogarnet exhibits an obvious reaction selectivity
for anatase. In contrast, the lime can undergo
significant reactive processes with DSP or anatase.
These findings are consistent with the thermo-
dynamic analysis presented in Section 3.

(@

Vv DSP, Na,0-Al,0;-28i0,-2/3NaOH-2/3H,0
A Hydrogarnet, 3Ca0-Al,0;+1SiO,*(6-2n)H,0
Y/ Calcium hydroxy-titanate, CaO+2TiO,-H,0
X Perovskite, CaO-TiO,

X

e HG (»=0.98)+anatase

X

A vA A
28 V.00 Wil vy AY
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(b) A Hydrogarnet, 3Ca0+Al,04+1Si0,+(6-2n)H,0
V DSP, Na,0+Al,04+28i0,+2/3NaOH+2/3H,0
X Perovskite, CaO+TiO,

Quicklime+anatase
X
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Fig. 3 X-ray diffraction patterns of products: (a) Reactants
including HG (n=0.98); (b) Reactants
quicklime

including

4.1.2 In ternary mineral systems

Both DSP and anatase coexist in the actual
Bayer process. To better investigate the differences
in the reaction of hydrogarnet and quicklime when
both DSP and anatase are present simultaneously,
artificial mineral experiments were conducted in
ternary mineral systems.

Firstly, 1 g of HG (n=0.98), HG (n=0), or
quicklime was mixed with 1 g DSP and 1 g anatase.
The resulting mixture was then placed into a
stainless-steel bomb, to which 50.00 mL sodium
aluminate solution was added. The bomb was held
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at 265 °C for 30 min. Figure 4 displays the X-ray
diffraction patterns of the resulting reaction
products.

A Hydrogarnet, 3Ca0+Al,0,+1Si0,+(6-2n)H,0
4 Calcium hydroxy-titanate, CaO+2TiO,*H,0
V DSP, Na,0-Al,054-28i0,-2/3NaOH-2/3H,0
X Perovskite, CaO-TiO,

HG (n=0.98)+DSP-+anatase
.

+
A *
kv Yh Yt Joovs

Jaat v

t HG (n=0)+DSP+anatase

i?vYL% Fark vt o faat v o

1 Quicklime+DSP-+anatase

AVAWRY YQ%‘AAQ éI Ad § y

ZIO 310 4l() SIO 6IO 70
201(%)

Fig. 4 X-ray diffraction patterns of products (Reactants
including HG (n=0.98), HG (#n=0), and quicklime)

When compared to the reaction products
resulting from the reaction of quicklime, DSP, and
anatase, those obtained from the reaction of
hydrogarnet, DSP, and anatase exhibit significant
differences. The X-ray diffraction patterns for the
latter clearly display distinct characteristic peaks of
unreacted DSP. In contrast, the former shows nearly
absent characteristic peaks of DSP, and the peaks of
hydrogarnet can be observed. Moreover, both sets
of products have clear characteristic peaks of
titanium-containing minerals.

Additionally, in the ternary mineral systems,
the principal mineral phases in the reaction products
resulting from different types of hydrogarnet
demonstrate a high degree of consistency. This
indicates a substantial similarity in the reaction
of hydrogarnets with varying silicon saturation
coefficients.

The experiments using artificial minerals
conducted in ternary mineral systems provide a
better representation of actual conditions than those
carried out in binary mineral systems. The findings
further clarify the different reactions of hydrogarnet
and quicklime within the high-temperature Bayer
process. Specifically, when both DSP and anatase
are present simultaneously, hydrogarnet shows a
highly selective reactivity toward anatase, whereas
lime exhibits non-selective reactivity with both
DSP and anatase. Furthermore, it is indicated that
in the sodium aluminate solution, hydrogarnet
with varying silicon saturation coefficients shows

remarkable consistency in the reactions. The
experimental results align with the conclusions
drawn from the thermodynamic analysis presented
in Section 3.
4.1.3 Reaction of hydrogarnet with different silicon
saturation coefficients
A product was obtained from the reaction of
lg HG (n=0.62), 1 g DSP, and 1g anatase at
265 °C for 30 min. The X-ray diffraction pattern of
this product is presented in Fig. 5.

A Hydrogarnet, 3Ca0-AlO;-nSi0,*(6-27)H,0 (n<1)
V DSP, Na,0-Al,04-28i0,-2/3NaOH-2/3H,0
4 Calcium hydroxy-titanate, CaO-2TiO,-H,0

¢

HG (n=0.62)+DSP+anatase

‘0

vy M
O TR Y T
I}_VIA V| vviasn|lyv Ve

A

A —

A . 88 a HG (10.62)
Ay WAL AAY fAv AR VAV Y AY
20 30 40 50 60 70

200(°)

Fig. 5 X-ray diffraction pattern of HG (n=0.62) and
corresponding reaction product

The silicon saturation coefficient of the initial
hydrogarnet present in the reactant is 0.62, whereas
that of the hydrogarnet present in the product is
0.77. This increase indicates the occurrence of a
minor side reaction between the DSP and part of the
initial hydrogarnet present in the reactant. However,
the reaction between hydrogarnet and anatase
continues to be the predominant reaction in the
ternary mineral system.

To observe the differences among similar
phenomena for various types of hydrogarnet,
identical experiments were conducted on HG (n=0)
and HG (n=0.98) under the previously specified
conditions. Table 2 presents a comparison between

Table 2 Comparison of silicon saturation coefficients of

hydrogarnet
. Coefficient of Coefficient of Variation
Initial . .
hydrogarnet in hydrogarnet in of
reactant .
reactants products  coefficients

HG (n=0) 0 0.79 0.79
HG (n=0.62) 0.62 0.77 0.15
HG (n=0.98) 0.98 0.92 —0.06
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the silicon saturation coefficients of hydrogarnet
present in the reactants and those present in the
corresponding products.

The comparative results presented in Fig. 5
and Table 2 indicate that in the high-temperature
sodium aluminate solution, most of the hydrogarnet
reacts with anatase, while a smaller fraction
reacts with DSP simultaneously. This portion
of hydrogarnet that reacts with DSP generates
new hydrogarnet with higher silicon saturation
coefficients.

Furthermore, the higher the silicon saturation
coefficient of hydrogarnet present in the reactants,
the smaller the variation of the coefficient in
Table 2. This suggests that the reaction difficulty
between hydrogarmet and DSP is positively
correlated with the silicon saturation coefficient of
hydrogarnet itself. For HG (»=0.98) with a silicon
saturation coefficient close to 1, the hydrogarnet
present in the corresponding product exhibits a
decreased silicon saturation coefficient. This

phenomenon is likely attributable to the partial
dissolution of silicon from HG (»=0.98) into the
sodium aluminate solution at elevated temperatures,
although the reaction between HG (rn=0.98) and
DSP is relatively weak.

4.2 Mechanism of hydrogarnet reaction process

In the binary mineral systems, 1 g HG (n=0.98)
was mixed with 1g anatase and subsequently
immersed in 50 mL sodium aluminate solution.
The reactions were conducted at 265 °C for 5, 20,
and 60 min, respectively. Figure 6 illustrates the
microscopic morphology of the products at various
reaction time. Table 3 presents the results of the
EDS analysis, detailing the chemical compositions
of the selected micro-regions depicted in Fig. 6.

The analysis reveals that the rapid reaction
between HG (#n=0.98) and anatase at 265 °C
initially produces calcium hydroxy-titanate, which
is characterized by a regularly hexagonal plate
structure. The calcium hydroxy-titanate exhibits
smooth surfaces, the particle sizes range from 5 to
7 um, and the molar ratios of TiO, to CaO are
approximately 2.0. As the reaction progresses, the
surfaces of calcium hydroxy-titanate gradually
dissolve or undergo structural fracturing. These
transformations facilitate the formation and growth
of hemispherical particles, for which the molar
ratios of TiO; to CaO range from 1.3 to 1.8. The
final products of the reaction are numerous
spherical perovskite particles with diameters
less than 1 um. These observations confirm that the

Table 3 Chemical compositions of selected micro-regions in Fig. 6

Chemical composition/at.%

Region No. TiO2/CaO Na,O/CaO ALO;/CaO  SiO,/CaO
CaO TiO, Na;O AlLO; Si0;
1 10.62 22.15 1.24 1.34 1.19 2.09 0.12 0.13 0.11
2 7.34 14.85 1.19 1.12 0.62 2.02 0.16 0.15 0.08
3 8.37 14.34 2.59 2.22 2.96 1.71 0.31 0.27 0.35
4 8.51 11.72 3.21 1.80 3.21 1.38 0.38 0.21 0.38
5 8.69 9.44 4.09 2.96 6.08 1.09 0.47 0.34 0.70
6 8.18 8.60 2.54 2.67 5.75 1.05 0.31 0.33 0.70




Tai-yang JI, et al/Trans. Nonferrous Met. Soc. China 36(2026) 298-308 305

formation of perovskite through the reaction
between hydrogarnet and anatase is relatively slow
in the Bayer process.

In the ternary mineral system, a reaction
involving 1g HG (n=098), 1g DSP, and 1g
anatase was conducted in the sodium aluminate
solution at 265 °C for 30 min. Figure 7 illustrates
the microscopic morphology and chemical
components of reactants and products as examined
through SEM and EDS.

Figure 7(a) illustrates microscopic morphology of
a mixture containing HG (#=0.98), DSP, and anatase.

Spectrum 2 ————
Element at.%

Ti 0.41
Ca 0.47
Si 11.78
Al 12.03

Na 14.76
O 60.55

Shectiml Element at.%
Ti 18.41
Ca 8.08
Si 337
Al 4.24
Na 6.35

6 § 10 12

Fig. 7 Microscopic morphology and chemical components
of (a) reactants and (b, c) products

The image reveals irregular blocky aggregates,
spherical particles with an average diameter of
approximately 1 pm, and a notable presence of
sub-spherical particles measuring less than 0.2 pm.

Figure 7(b) exhibits microscopic morphology
of the products. Numerous complete regular
hexagonal plate particles (calcium hydroxy-titanate)
are displayed. The diameters of these particles
range from 5 to 7 pm, closely resembling those
found in binary mineral systems. Additionally,
irregular blocky aggregates with approximate
diameters of 15 um exist in the product. The EDS
analysis principal
components of these aggregates are Si, Al, and Na,
with minimal quantities of Ca and Ti. Therefore, it
can be concluded that these irregular blocky
aggregates, which exhibit limited participation in
reactions, are identified as DSP.

reveals that the chemical

4.3 Evaluation of digestion effects on natural
diasporic bauxite

To evaluate the differences in the promoting
effects of hydrogarnet and quicklime on the
digestion of natural bauxite, 26.71 g diasporic
bauxite was mixed with quicklime, HG (#=0.98),
or HG (n=0), respectively. The dosages of these
additives were classified into three levels (2%, 4%,
and 7%) based on their ratios to the mass of bauxite.
Subsequently, these mixtures were placed into
stainless-steel bombs containing 100 mL sodium
aluminate solution. Bombs were then maintained at
265 °C for 70 min. Figure 8 illustrates the results of
the digestion process.

Figure 8(a) shows that, at the same actual
dosages, hydrogarnet has a more pronounced
promoting effect on bauxite digestion compared to
quicklime. Meanwhile, Fig. 8(b) demonstrates that,
during a limited digestion period and at identical
CaO equivalent dosages, the relative digestion rates
of alumina with the addition of hydrogarnet are
significantly higher than those of alumina with the
addition of quicklime. Figure 9 presents the best
digestion results under the optimal conditions in the
Bayer process. When the CaO equivalent dosage of
quicklime is 7.00%, the relative digestion rate of
alumina reaches 95.01%. In contrast, with a CaO
equivalent dosage of HG (n=0.98) at 2.81%, the
relative digestion rate of alumina increases to
99.98%. The observations from experiments on the
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Fig. 8 Relative digestion rates of alumina with different
additives: (a) Actual dosage; (b) CaO equivalent dosage

Quicklime or
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2.91% CaO in HG (»=0.98): 99.98%

Fig. 9 Relative digestion rates of alumina (7:(A1>0O3))
under optimal conditions

digestion of natural diasporic bauxite confirm that,
given a limited digestion time and an identical CaO
equivalent dosage, CaO in hydrogarnet shows
significantly higher utilization efficiency compared
to CaO in quicklime. This provides robust support
for the thermodynamic analysis and the results of
the artificial mineral experiments presented in the
preceding sections.

At the same CaO equivalent dosages, the
relative digestion rates of alumina are higher when
HG (n=0.98) is added compared to HG (#n=0). For
instance, when the CaO equivalent dosage is
1.96%, the relative digestion rate of alumina with
HG (n=0.98) added exceeds 82.00%, whereas the
relative digestion rate of alumina with HG (n=0)
added is only 70.71%. This finding indicates
that in the digestion of natural diasporic bauxite,
hydrogarnet with silicon saturation coefficients
approaching the upper limit (#n=1) exhibits minimal
reactivity with DSP as well, and this specific
reactivity enhances its effectiveness in promoting
bauxite digestion. In contrast, similar to the
experiments using artificial minerals, although
hydrogarnet with low silicon saturation coefficients
primarily interacts with anatase, a smaller portion
can engage in a weak reaction with the DSP
synchronously, resulting in a slightly weaker
promotion effect on diasporic bauxite digestion.

5 Conclusions

(1) Thermodynamic calculations suggest that
both hydrogarnet and quicklime can react with
anatase during the Bayer process. The reaction
trend of hydrogarnet with anatase surpasses
that of quicklime with anatase at 432 K, and the
disparity becomes increasingly pronounced as the
temperature rises. Quicklime significantly inclines
to react with DSP throughout the entire process. In
contrast, hydrogarnet displays a weaker tendency to
react with DSP only above 485 K. Furthermore,
an increase in the silicon saturation coefficient
decreases the probability of reaction between
hydrogarnet and DSP.

(2) In artificial mineral experiments, quicklime
can react simultaneously with both anatase and
DSP without showing any preference. In contrast,
hydrogarnet demonstrates a distinct tendency to
react with anatase. This selective difference leads
to the CaO in hydrogarnet exhibiting a superior
digestion-promoting ability compared to the CaO in
quicklime. Under the optimal conditions for natural
bauxite digestion experiments, using 2.81% CaO
equivalent dosage of HG (n=0.98) achieves a
relative alumina digestion rate of 99.98%. However,
when 7.00% CaO equivalent dosage of quicklime is
added, the relative digestion rate of alumina merely
reaches 95.01%.
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(3) In the Bayer process, hydrogarnet with
silicon saturation coefficients near the upper limit
(n=1) exhibits minimal reactivity with DSP. Instead,
although hydrogarnet with low silicon saturation
coefficients preferentially reacts with titanium-
bearing minerals, a smaller proportion concurrently
reacts with DSP, thereby resulting in the formation
of hydrogarnet with higher silicon saturation
coefficients. Consequently, the higher silicon
saturation coefficient in hydrogarnet leads to a more
pronounced enhancement in digestion. In natural
bauxite digestion experiments, at the same CaO
equivalent dosage, the relative alumina digestion
rate with HG (#n=0.98) added is 11.29% higher than
that with HG (n=0) added.
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