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Abstract: A transformative beryllium metallurgy theory and method was proposed based on the low-temperature dissociation of
hydrofluoric acid and purification by exploiting the large difference of fluoride solubility. Hydrofluoric acid can quickly dissociate
beryllium ore powder directly at low or room temperature with more than 99% dissociation rate. The solubility of AlF;, FeF;, CrF,,
and MgF, is low. Coupled with common ion effect, 99.9%-purity beryllium products can be prepared without chemical purification.
For high-purity beryllium products of grade 4N or higher, they can be prepared through the superior property that the pH intervals of
iron, chromium, and other hydroxide precipitates are distinctly different from those corresponding to Be(OH), precipitates. This new
method can be used to prepare most of the beryllium products that are prepared by modern beryllium metallurgy.
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1 Introduction

Beryllium is the known lightest metal structural material
with high strength! ¥, high modulus of elasticity, low density,
small coefficient of thermal expansion, good thermal shock
resistance, and fine thermal diffusivity®™, which is an
important strategic resource in aerospace and nuclear
industries” ",

The electric furnace-leaking with sulfuric acid is the current
main method for beryllium ore dissociation!*'”, which
destroys the structure of beryllium ore under high temperature
conditions, then dissociates it with sulfuric acid to obtain
beryllium-containing solution, and subsequently purifies it by
extraction method and chemical precipitation to obtain BeO
with purity of 98%—99%. Finally, various beryllium products,
such as BeO ceramics, beryllium-copper alloys, BeF,, and
metallic beryllium beads, can be prepared from BeO!"* .,

With the increasingly strict requirements on environmental
protection™ %, the abovementioned methods are restricted to
a certain extent because they may cause serious environmental
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risks. In the extraction process of beryllium, the slag is an
incremental process, and for every ton of beryllium ore
processed, the amount of slag will be increased by more than
ten times accordingly. The generated silicon slag and alumina
slag containing 0.5%—1.5% BeO are hazardous wastes, which
are not easy to treat and have great environmental risks. The
large amount of hazardous waste slag and the large quantities
of BeO contained in the slag jointly result in the yielding
rate of only 75% of beryllium in the process of preparing
BeO from beryllium ore. In the process of beryllium
metal preparation, the direct yielding rate of beryllium in
(NH,),BeF, thermal decomposition, beryllium bead magne-
sium thermal reduction, and beryllium copper alloy prepara-
tion processes is less than 30%, and the comprehensive
yielding rate is less than 50%, which results in a serious waste
of beryllium resources. In addition, due to the lack of high-
purity beryllium, the purity and various properties of high-end
beryllium products are affected, and advanced technology is
required to further improve the purity of beryllium.
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Based on the abovementioned technical difficulties, the
Ministry of Science and Technology of the People’s Republic
of China has set up a key research and development project:
Beryllium Green metallurgy and Deep Processing. The project
focuses on the research of the theory and method of trans-
formative metallurgy of beryllium ore. In this research, the
differences between traditional beryllium ore metallurgy and
transformative metallurgy theories and the methods to provide
new theories for the green and efficient preparation of high-
purity beryllium products were investigated.

2 Changes in Theory of Beryllium Metallurgy (Dis-
sociation and Purification)

2.1 Modern beryllium metallurgy theory
2.1.1 Destruction of beryllium mineral phase by high
temperature melting

The ore for beryllium metallurgy is mainly beryl ore, whose
main structure is 3BeO-ALO,-6Si0,. The structure of beryl is
a hexagonal system with ¢,=0.9188 nm, ¢,=0.9189 nm, and
coordination number Z=2, and this structure is stable. Due to
the direct leaching of beryllium ore with sulfuric acid, the
dissociation rate is low. Therefore, before leaching with
sulfuric acid, calcination in an electric furnace was required to
dissociate the beryl phase of beryllium ore into easily
dissociable CaO-3BeO-2SiO, using calcite, and the high
temperature reactions are shown in Eq.(1-2), as follows:

3Be0-Al,0,:6Si0, + 2CaCO, = Ca0-Al,0,-2Si0, (1

+Ca0-3Be0-2Si0, + 28i0, + 2CO,
3Be0-Al,0,:6Si0, + 4CaCO, = Ca0O-Al,0,-2Si0, @)
+Ca0-3Be0-28i0, + 2Ca0-SiO, + 4CO,

The modified oxide slag obtained from high temperature
melting was quenched by water and turned into beryllium
vitreous. Subsequently, the lumpy glass slag was turned into
fine powder by ball milling and then put into the sulfuric acid
leaching reactor.

2.1.2  Sulfuric acid leaching

Various oxides in beryllium glass slag can react with

sulfuric acid, and the reactions are shown in Eq.(3-7), as

follows:
Ca0-3Be0-2Si0, + 4H,SO, = CaSO, + 3BeSO,

+2H,Si0; + 2H,0 )

Ca0-ALLO; 2810, + 41,80, = CaSO, + AL(S0.),
+2H,8i0, + 2H,0

Ca0-Si0,+H,80,=CaS0,+H,Si0, 5)

Fe,0,+3H,S0,=Fe,(SO,)+3H,0 (6)

Cr,0,+H,80,=Cr,(SO,),+3H,0 @)

2.1.3  pH chemical separation

CaSiO, and CaSO, are the products of sulfuric acid
leaching, they show slight solubility, and most of them are
obtained as silicon residue by liquid-solid separation. BeSO,,
Al(SO,),, Fe,(SO,),, Cr,(SO,),, and other sulfates are soluble,
and their solubility is listed in Table 1%, According to Table
1, it is impossible to separate BeSO, from other soluble
sulfates directly by solubility.

The use of pH adjustment for stepwise precipitation centers

Table 1 Solubility of different sulfates in water at 25 °C"*">"

Sulfate Solubility in aqueous solution/g-(100 g)™
BeSO, 39.1
Al,(SO,), 36.4
Fe,(SO,), 440
Cr,(SO,), 220
CaSO, 0.255
MgSO, 33.7

on the fact that it is important to distinguish the pH range of
Be(OH), precipitation from the pH range of several other
hydroxide precipitates. As shown in Fig. 1, the pH ranges for
Al*, Cr’', and Be®' precipitation highly overlap, which cannot
be applied to pH precipitation separation. The pH ranges for
Fe’* and Be* partially overlap, which can be used in the
chemical precipitation method to remove part of the iron, but
this method may result in the existence of Be™ in the product.
Due to the high concentration of aluminum in the solution, it
is necessary to remove Al by other chemical methods, and
then to remove Fe’* by the pH precipitation method.

2.1.4 NH,AI(SO,), precipitation removal of AI**

(NH,),SO, can react with Al(SO,), to form NH,AI(SO,),
and the reaction is shown in Eq.(8), as follows:

(NH,),SO,+Al1,(SO,),=2NH,AI(SO,), ®)

The saturated solubility of NH,AI(SO,), varies greatly with
temperature. The saturated solubility of NH,Al(SO,), in the
room temperature state is as low as only 5-7 g-(100 g)™', and
it can be more than 100 g-(100 g)™" at 110 °C. The solubility
of AI” and Be* is shown in Fig. 2, and the solubility of
NH,AI(SO,), can be controlled to 1—-1.5 g-(100 g)™" at room
temperature (25-30 °C) under a certain NH,Al(SO,), concen-
tration. The molar concentration ratio of A’ and Be™ under
this condition is Al*/Be**<0.025, which can satisfy the
requirement for BeO (purity of 98%) product preparation.
2.1.5 Preparation of metal beryllium

To prepare beryllium metal, Be(OH), was converted to
BeF,, and then beryllium metal beads were prepared by
thermal reduction with magnesium. The raw material for
the preparation of BeF, was (NH,),BeF,. The preparation of
(NH,),BeF, required the reaction of Be(OH),, ammonia, and
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Fig.l pH ranges of several sulfate precipitates
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Fig.2 Comparison of AI’* and Be”" solubility

hydrofluoric acid, as expressed by Eq.(9), as follows:
Be(OH),+2NH,OH+4HF=(NH,),BeF,+4H,0 )
(NH,),BeF, underwent thermal decomposition, as expressed
by Eq.(10), as follows:
(NH,),BeF,=2NH,+2HF+BeF, (10)

BeF, obtained from thermal decomposition was thermally
reduced by magnesium to obtain beryllium metal beads, as
expressed by Eq.(11), as follows:

BeF,+Mg=MgF ,+Be (11

Beryllium beads were vacuum-distilled to remove volatile
impurity elements, such as zinc and phosphorus, but non-
volatile ions, such as A’ , Cr'*, and Fe* , remained in
beryllium metal.

2.2 Root causes of beryllium metallurgy problems

The technical indexes of modern beryllium metallurgy are
shown in Table 2, the international indexes are higher than the
indexes from Chinese research, and the metallurgy indexes
and product purity need to be improved.

The root cause of the problems, such as a large amount of
hazardous waste in the smelting process, low beryllium
resource rate, low purity of beryllium products, high energy
consumption, etc, results from the theory of beryllium ore
purification by sulfuric acid leaching, which is analyzed as
follows.

(1) The pH overlap interval required for precipitation of
AP", Cr'", and Be™ is large, and thus Al and Cr’* cannot be
removed by pH precipitation.

(2) The required pH intervals for Fe*" and Be* precipitation

partially overlap, and it is difficult to remove BeSO, in the
iron removal process. Most of the hydroxide precipitation is
colloidal, colloid-like, or earthy, which easily entrains the
solution, so the Be** content in iron slag exceeds the standard
content.

(3) The solubility of NH,AI(SO,), cannot be easily distin-
guished from that of BeSO,, the residual aluminum content in
BeSO, solution is high, the amount of NH,AI(SO,), is large,
and the evaporation and crystallization process entraps the
beryllium solution, which leads to excess beryllium in the
aluminum slag. In the extraction process, the ratio of
beryllium to aluminum is limited, and the aluminum content is
still difficult to reduce to a low level.

(4) A large amount of calcite, sulfuric acid, and ammonia
was added during the dissociation and purification process to
form bulk silicon-calcium mixed slag (white slag), alumina
slag, and ammonium sulfate slag, resulting in a ratio of slag to
ore in the process exceeding 10. Be* was entrained in the
slag, which not only made the slag difficult to treat, but also
caused the decrease in yield rate of beryllium to 70%.

(5) High-temperature tempering calcination not only in-
creases the amount of slag, but also substantially increases the
smelting power consumption.

2.3 Transformative beryllium metallurgy (dissociative

purification) theory

Since there are so many deficiencies in the sulfuric acid
(H,SO,) leaching theory, attempts were made to select other
leaching systems. Based on the comparison in Fig. 3, it is
found that HF leaching can solve the problem of purification
by H,SO, leaching, significantly improve the yield rate of
beryllium and the purity of beryllium, simplify the purifica-
tion process, reduce the energy consumption of beryllium
metallurgy, and improve the economic efficiency of beryllium
metallurgy.

2.3.1 Highly efficient separation and purification by phys-

ical method
As listed in Table 3, the solubility of BeF, is very high, but
the solubility of AIF,, FeF,, and CrF, is very low. Therefore, it
can be considered to change the chemical separation to
physical separation.
Assuming that the solubility of the fluoride XF, is
x g (100 g)™" and the solubility of BeF, is y g- (100 g)™', and
ignoring the common ion effect, the concentration of the

Table 2 Technical indexes of beryllium metallurgy

Process

Indexes from Chinese research

International indexes

Beryllium leaching rate of 92%;

Beryllium ore dissociation technique

slag ore ratio of 10:1
BeO purity of 98.5%;
Be recovery rate of 70%

Research on the separation and purification
technique and equipment of beryllium solution
Integrated beryllium utilization rate
for whole process/%

Waste residue resource utilization and

disposal technique

Beryllium leaching rate of 94%;
slag ore ratio of 9:1
BeO purity of 99.5%;
Be recovery rate of 85%

50 65

- Recyclable
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Fig.3 Comparison of beryllium metallurgy theories between sulfuric acid system and hydrofluoric acid system

Table 3 Solubility of different fluorides in water at 25 °C

Fluoride Solubility in aqueous solution/g:(100 g)™
BeF, 117.5
AlF, 0.005
FeF, 0.07
CrF, 0.013
CaF, 0.0016
MgF, 0.013

fluoride impurity in BeF, can be expressed by Eq.(12), as
follows:
X

0,
Xty x 100%

(12)

If the fluoride system contains multiple fluoride salts
(except BeF,) with solubility of x,, x,...x,, and the individual
fluorides are independent from each other with no salting out
or common ion effect, the theoretical purity of BeF, for
physical separation dependent on solubility can be expressed
by Eq.(13), as follows:

n
zi:1xi

y+ X

i

100% — x 100% (13)

For AlF, impurity, x=0.005; for BeF,, y=117.5.

Then, relying on the solubility separation, the purity of
BeF, could reach 99.995%, which completely changed the
difficult separation problem of AL(SO,),.

For Fe’*, x=0.07, and for BeF,, y=117.5. The purity of BeF,
was 99.95%.

For Cr’*, x=0.013, and for BeF,, y=117.5. The purity of
BeF, is 99.98%.

In fact, due to the high concentration of BeF, in solution,
the concentration of Fe** and Cr’* can be further decreased by
the common ion effect. Thus, there is no need to remove Fe**
and Cr’* by hydroxide precipitation.

In addition, H,SiF; would be formed in the HF leaching
process. The boiling point of H,SiF, is low, and the separation
of silicon could be achieved by evaporation. H,SiF, could also
be recycled to generate HF.

Through a simple physical separation method, the high
purity of BeF, can be prepared, and the loss of beryllium in
the process of chemical precipitation could be reduced. The
yielding rate of beryllium in the purification process can be
improved, and the amount of waste residue can be reduced.
2.3.2  Thermodynamics of low-temperature leaching of beryl-

lium ore with hydrofluoric acid

The reaction and Gibbs free energy of beryl phase with
hydrofluoric acid are expressed by Eq.(14—15), respectively,

as follows:
Be;Al,Si O+ 12HF (a)=3BeF, (a)+2AlF,(a) 14
+6Si0,+6H,0 (1) (14)
AG’=-488363-194.5T (15)

As a comparison, the reaction and Gibbs free energy of the
beryl phase with sulfuric acid are expressed by Eq.(16—17),
respectively, as follows:

Be,AlSi;O,,+6H,S0,(a)=3BeSO,(a)

+Al, (S0,),(a)+6Si0,+6H,0 (1)

AG’=-266841+626.8T 17)

In the conventional process of dissociating beryllium ores,
calcination in an electric furnace with sulfuric acid leaching
was used, and the reaction occurred when a smaller amount of
CaO was added, as shown in Eq. (18) as follows:

3BeO-A1203-6Si02+2CalO:CaO~A.1203~ZS.iO2 (18)

+Ca0-3Be0-28Si0,+2Si0,

With the continuous addition of CaO, the eaction occurs, as
shown in Eq. (19), as follows:

3BeO-Al,0,°6Si0,+4Ca0=Ca0-Al,0,-2Si0,

+Ca0-3Be0-2Si0,+2Ca0-Si0,

Then, continuously adding CaO, the following reaction
occurs:

3BeO-AL O, 6Si0,+6Ca0=3Be0O-Al,0,+6Ca0-Si0,  (20)

According to these reactions, it can be seen that the

(16)

(19)

beryllium-containing products include CaO-3BeO-28Si0O, and
3BeO-AlLO,, which can react under hydrofluoric acid
system and sulfuric acid system, respectively. The reactions
and corresponding Gibbs free energies are expressed in
Eq.(21-28), as follows:
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3BeO- Al,O, + 6H,S0, (a) = 3BeSO, (a)

AL (SO, ), (a) + 6H,0(1) @b
AG’=-313769+276.2T (22)
3Be0-ALO+12HF (a)=3BeF, (a)+2AlF, (a)+6H,0 () (23)
AG’=-714860-156.4T (24)
Ca0-3Be0-28i0,+4H,50, (a)=3BeSO, (a) -

+CaS0,+28i0,+4H,0 (1)
AG’=-182250+22.1T (26)
Ca0-3Be0-2Si0,+8HF (a)=3BeF, (a)+CaF, @7)

+28i0,+4H,0 (1)
AG'=—414411-470.9T (28)

As shown in Fig.4, HF dissociates the beryl phase with the
Gibbs free energy of =500 kJ-mol™', which thermodynamically
allows the reaction to proceed adequately. However, the direct
dissociation of the beryl phase with H,SO, results in a small
absolute value, although the Gibbs free energy was also less
than 0. In the standard state, the value of the Gibbs free energy
increases as the reaction temperature increases, especially
when the reaction temperature is higher than 160 °C, and the
reaction proceeds in the reverse direction. As a comparison,
the absolute value of the Gibbs free energy of sulfuric acid
leaching of the CaO-3BeO-2Si0O, phase is also significantly
lower than that of the direct reaction of HF with the beryl
phase, which shows that hydrofluoric acid leaching has a clear
advantage from a thermodynamic point of view. With sulfuric
acid, beryl requires high temperature to destroy the structure
of beryl phase; while for hydrofluoric acid, beryllium ore can
be dissociated directly at low temperature, realizing the
theories of high temperature calcination of calcite (approxi-
mately 1500 °C)+sulfuric acid leaching and low temperature
hydrofluoric acid direct leaching.

Hydrofluoric acid can also react with SiO, in the leaching
process, as expressed by Eq.(29-30), as follows:

Si0,+6HF (a)=H,SiF, (a)+2H,0 (1) (29)

AG’=-83637+94.9T (30)

The reactions can be obtained from thermodynamic
equilibrium, as follows:
— AGO

Ay siF, =~ ag - exp ( RT ) (31
Ok/‘/a__’/% —
-100F
. -200¢ —"Tq. 21)
g 300F ——Eq. (23)
; ——Eq. (25)
= -400F —v—Eq. (27)
B 500k —+—Eq. (14)
3 500
— —<%5Fq.(16)
_600_§’\1\<
-7001
_800 1 1 1 1 . I
300 340 380 420

Temperature, 7/K

Fig.4 Thermodynamic comparison of dissociated beryllium ore in

different systems

According to the relationship in Fig.5, the reaction of SiO,
and hydrofluoric acid in beryllium ore can be inhibited by
adjusting the solution temperature and HF concentration as
well as artificially adding H,SiF,.

2.3.3 Hydrofluoric acid leaching kinetics of beryllium ore at

low temperature

The process of leaching beryllium ore powder under the
hydrofluoric acid system can be simulated by the shrinking
core model, as expressed by Eq.(32), as follows:

0P pe0"0 drR _ .
3»(c0*Rno/V)-¥_k(1 Ry* (32)
where leaching rate is defined as R; the concentration before
reaction is c,, considering that the concentration of HF in the
solution changes dynamically as the reaction proceeds; #, is
the HF content (mol) consumed for the completion of the
reaction; p, , is the BeO volumetric molar density of the ore
powder (mol/m’); k is the rate constant of the interfacial
chemical reaction (m/s); » and r, are the inner and outer
diameters of the nuclear model, respectively. The effect of ore
powder particle size on the dissociation rate is shown in Fig.6.

After the kinetic tests (leaching at 120 °C for 2 h), 99%
Be® can be leached from beryllium ore powder with particle
size of 0.075 mm. With the refinement of particles, the
reaction rate is accelerated. For beryllium ore powder with
size above 0.019 mm, the reaction can be conducted without a

1000
100E
=
— ¢=2 mol/L
g 10k ¢y=1 mol/L
.;:‘
]
1
€z=0.5 mol/L
0.1 . :
300 350 400 450

Temperature, 7/K

Fig.5 Diagram of metallurgy conditions required for formation of

fluorosilicic acid
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= 80t
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<
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g 40 0.022 mm
172]
..DZ% k=1x10" m/s

20 HF concentration: 30%

HF excess: 20%

0 1 2 3 4 5 6
Time, t/h

Fig.6 Effect of particle size of ore powder on dissociation rate
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heat source, the reaction process between hydrofluoric acid
and beryllium ore powder is a self-heating process, and the
temperature of the solution can be maintained at 70-90 °C.

It can be seen that the reaction temperature of the
hydrofluoric acid leaching system is much lower than the
concentrated sulfuric acid leaching temperature (approxi-
mately 200 °C), so the self-heating reaction can be realized,
which not only reduces the energy consumption in the
dissociation process, but also decreases the energy consump-
tion in the melting process link of the electric furnace.

2.3.4 Preparation of Be(OH),

After the preparation of BeF, solution, BeF, can be obtained
by drying and calcining. BeF, can be used as a raw material to
prepare metal beryllium and beryllium alloy.

In addition, the beryllium industry has BeO ceramics and
therefore requires Be(OH),. BeF, is formed and then the pH
can be adjusted by ammonia to produce a Be(OH), precipitate.

In the sulfate system, H,SO, is a strong acid, and soluble
sulfate is a strong electrolyte. However, in the fluoride system,
HF is a weak acid; BeF, and AIF, are weak electrolytes; FeF,
and CrF, are strong electrolytes. Thus, the pH value of the
hydroxide precipitation is quite different from that of the
sulfate system. As shown in Fig.7, the pH value of BeF, to
form Be(OH), precipitation can be well separated from the pH
range of FeF,, CrF,, and AlF, to form hydroxide precipitation,
and this theory facilitates the deep removal of Fe*” and Cr”
ions in the BeF, solution. So the purity of beryllium can reach
the level of 4N—5N grade.

3 Changes in Beryllium Ore Metallurgy Methods

3.1 Modern beryllium metallurgy method

The modern beryllium metallurgy method is formulated
according to the theory of sulfuric acid dissociation and purifi-
cation, and the main processes include electric furnace melt-
ing, H,SO, leaching, NH,AI(SO,), preparation, evaporation+
crystallization, the removal of Fe from the crude BeSO,
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Fig.7 pH range for conversion of different fluorides to hydroxide

precipitates

solution using pH precipitation, precipitation of Be(OH),,
calcination of BeO, the preparation of (NH,),BeF,, calcination
of (NH,),BeF,, thermally reduced beryllium beads of BeF,,
and the processing of a wide range of metallic beryllium
alloys and BeO ceramics from Be(OH),, as shown in Fig.8.
The process indexes are listed in Table 4.
3.2 Transformative method of beryllium metallurgy

The beryllium metallurgy change method is based on the

31-35]

beryllium metallurgy theory of change® . The main pro-
cesses are low-temperature (room temperature) dissociation of
beryllium ore, evaporation of dissociation solution to remove
H,SiF, and excess HF, low-temperature calcination of
beryllium-containing fluoride, room-temperature dissolution
of beryllium-containing fluoride to isolate impurities (such as
AlF, and FeF,), calcination of water-containing BeF, for the
preparation of pure BeF,, chemical precipitation of BeF,
solution for the preparation of Be(OH),, HF regeneration from
H,SiF,, as well as the preparation and processing of BeO
ceramics, metallic beryllium, and beryllium alloy. According
to the process flow in Fig. 9, beryllium ore and HF were
leached in the reactor at low temperature to obtain the

1 NH/F Dust
11Refined Be(OH):2 E—

n HF (Gas state)

Fig.8 Modern beryllium metallurgical process
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Table 4 Comparison of modern beryllium metallurgy (dissociation and purification) and transformation methods

No. Project type Sub-project type

Existing process Transformative process

High-temperature

) device
Main methods and

High temperature melting dissociation

(arc-melting)

) ] o Acid leaching medium H,SO, HF
1 indexes of dissociation o .
) Dissociation at low temperature or without
process Leaching temperature 200 °C .
external heating
Dissociation yield/% 94 99
Purification method Chemistry Physics

Ammonium sulfate, evaporation,

Purification process,

2 main methods, and Main methods and

indicators equipment

remove impurities, such as iron and

concentration, crystallization reactor,

Evaporation to remove H,SiF

. (evaporation kettle)
or extraction

pH adjustment with ammonia to

Dissolving at room temperature to remove

. impurities, such as AlF,, FeF,, and MnF,
aluminum

Beryllium products

Types and indicators of

Be(OH), BeF,

99.5%-99.9%; BeF, (3N-5N grade) can be

. o . Purity 98%-98.5% prepared by chemical method in the BeF,
3 dissociation purified . .
refining chain
products )
Comprehensive
75 95
recovery rate/%
Beryllium product
BeF, Be(OH),
type
Other major Be Formation of Be(OH), precipitate by
‘ A Be(OH),+2NH,OH+4HF o o
products processing Processing method adjusting the pH of BeF, solution with
=(NH,),BeF,+4H,0 .
ammonia
Product purity/% 99.0-99.5 99.9-99.999
Metal beryllium bead Equipment High temperature induction furnace Low temperature reduction+distillation
5 processing and Be direct yield/% <60 >85
indicators Be purity/% 98 99.9-99.999
Slag:ore ratio >10:1 <2:1
Silicon slag, alum slag, iron slag, ) .
. o White carbon black, ammonium sulfate, AIF,,
Environmental Types of slag neutralization slag, and Be bead
6 . and MgF,
protection

Is it a hazardous

waste or a product

Hazardous waste; high treatment costs

reduction slag

Products, environmentally friendly

Comprehensive yield

rate of Be in the

50

90
whole plant/%
o Product purity General High-grade
7 Whole plant situation .
Energy consumption )
o High Less
and carbon emissions
Investment Large Small
Economy Small Large

beryllium-containing solution, which realized the low-

temperature dissociation of beryllium ore. Then, the beryllium-

containing

solution after

liquid-solid ~ separation ~was
evaporated to remove HF. In addition, during the pre-leaching
reaction, part of SiO, reacts with HF to form H,SiF,, and most

H,SiF, will be removed in the evaporation process because of

the low boiling point of H,SiF, and the obvious volatilization
above 100 °C. Finally, in this research, the low-temperature
calcination method was chosen to destroy the structure of the
complexed acids (H,FeF,, H,AIF), so the difference in
fluoride solubility can be effectively utilized for physical
separation in the later stages. The residual H,SiF, is also
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Ammonium sulphate \/ Y
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Preparing solution ~ Refinement

\/

Evaporation Concentrated M
I H:S0¢

—> HF regeneration Mixing machine

i White carbon blac -—]
N i
Leachin ;'eactor
Ammonia water f
HF and H:SiFs acid mixture | Liquid-solid separation

1

Crude lier solution AlF3, CaF2 and other slag
Evaporation

Mixtures cnmai‘ning beryllium fluorides and complexes

Calcination

i

Evaporation concentration

NH.F Conversion reactor - S T
Evaporation, drying and calcination

P

Crushing, ball milling BeO

Dissolve at room temperature
Drying and calcining
Liquid-solid separation
Be(OH):
A

Crude BeF: solution AIF3, FeF3 and other slag

i

Hen%ng reaction device

N
b4 Ammonia water

Pure BE\E 2 Magnesium metal particles

Magnesium thermal reduction

%

Vacuum refining

4
Metal Be ingots

Fig.9 Beryllium metallurgy transformation method and process flow

Microwave reactor

Fig.10 Experimental platform for the microwave reaction for the dissociation of beryllium ore by hydrofluoric acid

removed by evaporation in the calcination step.

The process technical indicators of the transformative
method are shown in Table 4. In addition to the subversive
changes in the beryllium ore dissociation and purification
methods, the method also has many technological advances in
the high-efficiency reduction of beryllium beads and by-
products, resulting in higher beryllium yield rate, environ-
mentally friendly utilization of slag, and better economics.

The beryllium fluoride and beryllium hydroxide products

Table S Chemical composition of impurities in BeF, and Be(OH),

Type Fe/wt%  Al/wt% Mn/wt% Mg/wt% Purity/%
BeF, 0.015 0.014 0.007 0.009 99.91
Be(OH), 0.011 0.012 0.006 0.007 99.93

with purity of 99.9% have been synthesized using the test rig
(Fig. 10) and the method described in this research, and the
resultant composition is shown in Table 5.

4 Conclusions

1) Modern beryllium metallurgy (dissociation and purifica-
tion) methods are based on the theory of sulfuric acid
dissociation and chemical purification. The high solubility of
sulfate produced by sulfuric acid dissociation and the
separation conditions of the chemical method highly overlap,
which leads to low purity of the product, presence of
beryllium ions in the separated phase, and hazardous waste,
thus lowering the beryllium yield rate. The direct dissociation
rate of beryllium ore sulfate is low, and destroying the
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structure of beryllium ore by electric furnace plus calcite not
only substantially increases the amount of slag, but also
substantially increases the consumption of electricity and CO,
emissions.

2) A transformative beryllium metallurgy theory based on
the low-temperature dissociation of hydrofluoric acid and
purification by the high variability of fluoride solubility is
proposed. Hydrofluoric acid can quickly dissociate beryllium
ore powder directly at low temperature or room temperature.
The dissociation rate is more than 99%, the impurities, such as
AlF,, FeF,, CrF,, CaF,, and MgF,, have low solubility, and the
common ion effect exists in the system, which results in
beryllium products of 99.9% purity without chemical purifica-
tion. For high-purity beryllium products of 4N grade or even
higher, high-purity Be can be prepared by the superior pro-
perty that the pH intervals of Fe, Cr, and other hydroxide pre-
cipitates are significantly different from those corresponding
to Be(OH), precipitates.

3) A new beryllium metallurgy method and process based
on the theory of low-temperature dissociation and purification
of hydrofluoric acid was proposed. This metallurgy process
can prepare a wide range of beryllium products that are
prepared by the modern beryllium metallurgy process. It has
significant technological advances in several aspects, such as
high beryllium product purity, large beryllium yield, as well as
low-carbon and environmentally friendly preparation.
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