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Innovative method for boron extraction from iron ore containing boron
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Abstract: A nove process for boron enrichment and extraction from ludwigite based on iron nugget technology was proposed. The key steps
of this novel process, which include boron and iron separation, crystallization of boron-rich sag, and elucidation of the boron extraction be-
havior of boron-rich slag by acid leaching, were performed at the laboratory. The results indicated that 95.7% of the total boron could be en-
riched into the slag phase, thereby forming a boron-rich slag during the iron and slag melting separation process. Suanite and kotoite were
observed to be the boron-containing crystalline phases, and the boron extraction properties of the boron-rich lag depended on the amounts
and grain sizes of these minerals. When the boron-rich dag was slowly cooled to 1100°C, the dag crystallized well and the efficiency of ex-
traction of boron (EEB) of the dag was the highest observed in the present study. The boron extraction property of the dow-cooled bo-
ron-rich dag obtained in this study was much better than that of szaibelyite ore under the conditions of 80% of theoretical sulfuric acid
amount, leaching time of 30 min, leaching temperature of 40°C, and liquid-to-solid ratio of 8 mL/g.
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1. Introduction

Boron compounds, chiefly borates, are commercidly
important and have more than 300 commercial end uses.
The worldwide consumption of borates is projected to in-
crease in the subsequent years, and China is expected to
substantialy contribute to this increased consumption be-
cause of its large demand for borates [1]. China has a large
amount of low-grade boron resources, which are difficult to
economically exploit. The traditiona high-grade boron re-
source of China, szaibelyite ore, will soon be exhausted at
the present rate of consumption. Consequently, Chinaiis ex-
pected to import approximately (1.5-2) x 10° t of boron
mineras in 2020. Ludwigite is a complex iron ore that is
composed of iron, boron, magnesium, slica, etc. and is
mainly found in China, USA, Italy, Sweden, Romania, and
Russia. The Liaoning and Jilin Provinces of China contain
2.8 x 10° t of low-grade ludwigite deposits, which account
for 57.88% of the boron reserves and 1% of the iron re-
servesin China. It isthe main aternate boron resource of the
future. However, ludwigite cannot be directly utilized as a
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single resource by traditional processing methods because of
its low grades of total iron (TFe) and B,Os. The average
composition of the oreis approximately 7wt% B,Os, 30wt%
TFe, 24wt% MgO, and 15wt% SO, [2-3]. In China, the
comprehensive utilization of ludwigite is becoming increas-
ingly urgent because of the increased demand for boron
compounds and the depletion of the high-grade szaibelyite
resource.

The key factors for the comprehensive utilization of
ludwigite are a high degree of separation of the boron and
iron elements and a high yield and good quality of the
separated products. Many Chinese researchers have con-
tributed to the development of methods and technologies
to utilize ludwigite; these methods and technologies in-
clude magnetic separation [4], selective reduction and
magnetic separation [5], hydrometalurgy [6], and
blast-furnace reduction—melting separation [7-8]. The ore
has a highly complex mineral phase composition, and the
iron-containing minerals are finely embedded with the bo-
ron-containing minerals. Therefore, achieving a high de-
gree of separation of boron and iron using the traditional
ore dressing method is extremely difficult. The hydro-
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metallurgical method can perfectly separate boron and iron.
However, the excessive acid consumption associated with
this approach results in high costs, equipment erosion, and
environmental pollution. The blast furnace method can
also achieve a high degree of separation of boron and iron.
However, the flowsheet for this process is very lengthy,
running from agglomeration to blast furnace iron making,
and the B,Os content in the boron-rich slag is low because
of the high coke ratio and because B,O; is partialy re-
duced into pig iron.

The rotary hearth furnace (RHF) coal-based direct re-
duction technology has been under development for
approximately 40 years. It was initially used to treat
iron-bearing metallurgical dust to recycle useful elements.
However, RHF technology has rapidly been developed
into a non-blast furnace ironmaking method that uses
self-reducing composite pellets made of fine iron ore and
pulverized coal as the feed [9-11]. If the furnace tempera-
ture is increased to 1350-1450°C, the reduced pellets will
undergo iron and slag melting separation, namely, the
iron-nugget process. It offers the benefits of a short flow-
sheet, a fast reaction rate, low raw-material requirements,
and coke-free and flexible operation; furthermore, it is en-
vironmentally friendly [12-16].

In the present work, a novel flowshest for the compre-
hensive utilization of ludwigite by carbon composite pellet
reduction and melting separation technology (i.e., the
iron-nugget process) is proposed. A schematic of the proc-
ess flowsheet is shown in Fig. 1. As evident in the figure,
initially, the reduction and melting separation of the
ludwigite/coal composite pellet was performed to enrich
boron into the slag. Next, the crystallization behavior and
variation of the efficiency of extraction of boron (EEB) of
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the separated slag during slow cooling were studied. Fi-
nally, the acid-leaching behavior of the slow-cooled bo-
ron-rich slag was further investigated at the laboratory.

2. Experimental
2.1. Raw materials

The ludwigite iron concentrate used in this study was ob-
tained from Dandong, Liaoning Province, China. The
chemical composition of the complex ore sample is shown
in Table 1. Mineralogical analysis of the concentrate was
performed using X-ray diffraction (XRD; MAX-RB, 12
kW). The results presented in Fig. 2 indicate that the main
cryddline phases were magnetite (Fe;0,), szaibelyite
(Mgx(OH)(B204(CH))), and chrysotile (Mgs(SizOs)(OH)a).
98% of the iron ore concentrate particles were smaller than
0.074 mm.

Ludwigite+Reducing
agent
Mixingand | . water
pelletizing

l

Reduction and
melting separation

l

l

Iron nugget Boron-rich slag

l l<— Slow cooling

Fig. 1. Flowsheet of the novel boron extraction process of
ludwigite.

Table 1. Chemical composition of ludwigite iron concentrate wit%
B,Os TFe MgO SO, Al,O3 FeO Ca0 P S LOI
6.90 47.20 19.20 532 0.15 18.90 0.34 0.020 0.16 497

Note: LOI stands for the massloss on ignition.

The chemical composition of the reducing agent is listed
in Table 2. The reducing agent was anthracite with high
fixed carbon content and low sulfur content. All of the re-
ducing agent particles passed 0.5 mm.

2.2. Experimental procedure

2.2.1. Reduction and melting separation experiments

The ludwigite iron concentrate and reducing agent were
fully mixed. The mole ratio between the fixed carbon in
the reducing agent and the oxygen of iron oxides in the

iron concentrate was 1.2 to ensure complete reduction of
iron oxide and carburization of the metallic iron. The
moisture content of the mixture was controlled at 7wt%,
and the mixture was again fully mixed. The resulting mix-
ture was pelletized in a horizontal twin-roller machine un-
der a pressure of 15 MPa. The size of the pillow-shaped
pellet was 40 mm x 30 mm x 20 mm. The wet green pellet
was dried at 120°C for 12 h before the reduction test. The
reduction and melting separation experiments were per-
formed in a closed MoSi, box resistance furnace to ssmu-
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late the iron nugget production process of carbon compos-
ite pellets in rotary hearth furnace. A schematic of the ex-
perimental apparatus is shown in Fig. 3. In each run, the
dry green pellet was placed into a graphite crucible and
then heated in the furnace. The crucible was heated to the
target temperature before the pellet was added to it. The
graphite crucible protected the furnace from corrosion by
the formed molten slag. The reduced sample was removed
from the furnace at set time intervals and was cooled to
ambient temperature under the protection of nitrogen to
enable observation of the reduction and melting separation
process.
2.2.2. Crydtllization and EEB tests

The separated boron-rich slag from the reduction and
melting separation experiment was smelted again in six
graphite crucibles at 1400°C for 30 min in the MoSi, fur-
nace. The mass of slag in each graphite crucible was ap-
proximately 20 g. After the six crucibles were heated, the
furnace was powered off and allowed to slowly cool. One
of the crucibles was removed from the furnace at each

temperature of 1400, 1300, 1200, 1100, 1000, and 900°C
and was subsequently quenched in water. The mineral
composition of each quenched slag was characterized by
XRD, and a scanning electron microscope (SEM, MLA
250) and an electron probe microanalyzer (EPMA,
JXA-8230) were used to determine the microstructural
evolution during the heating process.

Fig. 2. XRD analysisof theludwigiteiron concentrate.

Table2. Proximateand ash analysisof the reducing agent

Proximate analyss/ wt% Ash andyss/ wt% Ashfushility / °C
FCqy Vy4 Ag S SO, Al,Oq Fe,03 Ca0 MgO DT ST HT FT
8140 6.40 1110 034 46.10 32.16 951 4.26 0.65 1300 1320 1350 1380

Note: FC4 represents the fixed carbon (dry basis), V4 the volatile matter (dry basis), A4 the ash (dry basis), Sthetotal sulfur, DT the deforma-
tion temperature, ST the softening temperature, HT the hemispherica temperature, and FT the flowing temperature.

Fig. 3. Schematic of the experimental apparatus.

The normal-pressure akaline leaching method was used
to assess the EEB of the boron-rich dag. The parameters of
the method are described as follows. quantity of boron-rich
dag, 4.000 g; particle size of dag, 100% <0.074 mm; con-
centration of lye, 20wt% NaOH; volume of lye, 40 mL;
leaching time, 4 h. The boron content of the primary and re-
sidua dag was andyzed using an inductively coupled

plasma atomic emission spectrometer (ICP-AES). The EEB
was defined as follows:
EEB = [(Boron mass of primary dag — Boron mass of resid-
ual dag) / Boron mass of primary dag] x 100% (1)
2.2.3. Acid leaching experiments
Before the leaching experiments, the slow-cooled bo-
ron-rich dag (from 1400°C to room temperature) was
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ground to a particle size where 100% passed 0.074 mm.
The chemical leaching experiment was conducted at a
constant temperature that was maintained using a heating
magnetic stirrer (DF-101S). Agitation was provided by a
magneton, which enabled adequate dispersion of the dag
particles in the acid solution. The stirring speed was set as
800 r/min. At the beginning of each trial, 10 g of bo-
ron-rich dag, along with distilled water, was added to an
Erlenmeyer flask. The reaction time was recorded after
sulfuric acid (98wt%) was added to the reaction mixture.
At selected time intervals, a certain amount (500 pL) of the
leaching solution was withdrawn by pipette and diluted to
50 mL in a volumetric flask. The boron concentration in
the diluted solution was determined by ICP-AES, and the
result was used to calculate the boron concentration in the
leaching solution. The volume change due to the sample
being withdrawn from the Erlenmeyer flask was not taken
into account for the boron extraction determinations.

3. Resultsand discussion

3.1. Boron enrichment through reduction and melting
separation

The separation of boron and iron from ludwigite is
based on the premise of selective reduction. The standard
molar Gibbs free energy for the reduction reactions of iron
oxide and boron oxide by solid carbon are as follows [17]:
Fe;0,+ C = 3FeO + CO,

A,G;, =196720 - 199.38T, Jmol 2
FeO + C=Fe +CO,

A,GS =149600 — 150.36T, Jmol €)
BgO3+ C= BzOz+ CO,

A,GS =635931.14 — 324.8T, Jmol 4
B,O;+ 3C = 2B + 3CO,

A,G; =885375-470.14T, Jmol )

The reduction of B,Os; by solid carbon requires tem-
peratures as high as 1600°C, and this reaction is substan-
tially more difficult than the reduction of iron oxide. Tra-
ditionally, the reduction and melting separation tempera-
ture for the iron nugget process ranges from 1350 to
1450°C. Therefore, the selective reduction of iron oxide
and boron oxide can be achieved in this process.

In the present work, the ludwigite/coal composite pel-
lets were heated at 1400°C for various times. The volume
of the pellet gradually shrinks during the reduction process
and the surface of the pellet begins to melt after 9 min of
heating. The slag and iron separate in a clean manner after
11 min of heating. The content of FeO in the dag de-
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creases from 4.71wt% to 2.02wt% as the reduction time is
increased from 11 min to 15 min [18].

SEM images of the microstructures of reduced pellets
heated at 1400°C for 2, 4, 6, and 8 min are shown in Fig. 4.
In the pellet reduced for 2 min, metallic iron exists primar-
ily in the edge area around the boundary of coal particles
and the size of the metallic iron particles is very small. No
metallic iron remains in the center of the pellet and the
center part remains near its origina state because of the
temperature difference across the pellet. In the case of the
pellet reduced for 4 min, the amount of metallic iron in the
edge area increases and a large quantity of unreduced iron
oxide remains in the sphere. A small quantity of small par-
ticulate metal begins to appear in the center of the pellet.
In the case of the pellet reduced for 6 min, the size of me-
tallic iron increases and the compositional variation be-
tween the edge and center of the reduced pellet nearly dis-
appears. In the case of the pellet reduced for 8 min, the
metallic iron obviously aggregates and the slag phase ap-
pears, which indicates the onset of melting.

The iron nugget and the so-called boron-rich slag can
be obtained when the pellet is reduced for 15 min at
1400°C. The chemical composition of the nugget is pre-
sented in Table 3. The yield of iron in the iron nugget
form is 96.5%. Because of the short contact time between
iron and slag and the thermodynamic difficulty of B,Os;
reduction by carbon, the boron content in the nugget is
only 0.065wt%. The chemical composition of the bo-
ron-rich slag is shown in Table 4. The content of B,Os is
greater than 20wt%, which is much higher than that ob-
tained using the blast furnace process. The total yield of
boron in the slag form is 95.7%, as determined using a
mass balance calculation. Thus, most of the boron is
concentrated in the boron-rich slag. We concluded that
the degree of iron and slag separation in the iron nugget
process is greater than that in the blast furnace process,
where 10% of the total boron is reduced into pig iron.
The main reasons for this greater degree of separation
may be the shorter reduction time, lower reduction tem-
perature, and lower reduction potential compared to the
blast furnace conditions.

The XRD pattern of the slow cooled boron-rich dag is
shown in Fig. 5. The crystalline phases in the dlag are oli-
vine (Mg,SiIO,), suanite (Mg;B,0Os), and kotoite
(MgsB,0O¢). The suanite is the main boron-containing
crystalline phase. The EEB of the slow-cooled slag in this
study is 86.46%. Thus, the slow-cooled slag crystallizes
very well and can be used as a good raw material for boron
extraction.
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Fig. 4. Microgtructures of the reduced pellets heated at 1400°C during the reduction process: (a) 2 min; (b) 4 min; (c) 6 min; (d) 8
min.
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Table3. Chemical composition of theiron nugget  wt%

C S Mn B S P
357 0.018 0.038 0.065 0.27 0.079

Table4. Chemical composition of the boron-rich dag  wt%

MgO B0 SO, AlILO; Cao FeO S
50.72 2001 1944 262 1.66 202 0.12

Fig.5. XRD pattern of dow-cooled boron-rich dag.

The SEM and EPMA analysis results for the dow-cooled
boron-rich dag sample are shown in Fig. 6 and Table 5. The
micrograph reveals that the dag is composed primarily of
four phases. Phases 1-3 are the main phases, representing
nearly 95% of the total amount according to the image sta
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tistics of the area fraction of each phase. On the basis of the
EPMA results, it can be concluded that phase 1 is suanite,
phase 2 is kotoite, phase 3 is olivine, and phase 4 is an
amorphous glass phase. The amount of the boron-bearing
crystalline phase is similar to the amount of olivine. The glass
phase contains alarge amount of boron, and it is distributed in
the gaps among the crystalline phases. Also, the boron-con-
taining crystalline phase contains some SO, and the olivine
phase contains some B,Os. The morphology of the suanite
particles is lath shaped, and most of the olivine and kotoite
particles are square shaped. The embedded features of the
three phases are comparatively smple. The grain sizes of su-
anite, kotoite, and olivine are aslarge as 100-200 pm.

Fig. 6. SEM image of the dow-cooled boron-rich dag.

Table5. EPMA analysisof theareasmarked in Fig. 6

Composition / wt%

Area - Mineral phase Content / %
B,O; MgO SO, C0 AlLO, FeO MnO
1 47131 56.439 1.566 0.051 0.065 0 0.058 Suanite A
2 37.322 60.726 0.605 0.038 0.060 0.041 Kotoite 11
3 3.140 48.262 35.051 0.064 0.419 0.028 Olivine 50
4 26.310 6.757 7.800 25.825 6.460 5.774 4,341 Glass 5

3.2. Crystallization behavior of the boron-rich dag

3.2.1. XRD andysis

The phase evolution of the slag during the slow-cooling
process was investigated by XRD; the results are shown in
Fig. 7. As evident in the figure, the phase compositions of
the dlag obvioudy change at different temperatures during
dow cooling. For the dag quenched at 1400°C, the main
crydtaline phase is olivine. The main crystalline phase of
the dag quenched at 1300°C is also olivine, and the intensity
of its peak increases somewhat. The dag quenched at
1200°C also appears to contain an olivine crystalline phase,
but the intensity of its peak decreases, and a new kotoite

phase begins to appear. In the dag quenched at 1100°C, a
new suanite phase begins to appear in large quantities and
the olivine and kotoite phases appear as well. For the dags
quenched at 1000 and 900°C, the phase species and the in-
tensity of their peaks remain stable. The peak intensity of
suanite is the greatest in the pattern of the dag sample
cooled to room temperature. These analysis results indicate
that the temperature range from 1300 to 1100°C is the most
important range for the crystdlization of the boron-con-
taining phases during the cooling process.
3.2.2. SEM analysis

The microstructure of the quenched slag during slow
cooling is shown in Fig. 8. The result shows that the micro-
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structure of the dag also changes obvioudly at different
temperatures during slow cooling. At 1400°C, the main
phase in the dag is granular olivine. Some of the olivine ex-
hibits alarge crystal size with a square shape because it does
not melt during melting separation. The remainder of the
olivine exhibits a smaller particle size and precipitates dur-
ing cooling. These substances, with the exception of the
original olivine, may have been aliquid phase prior to water
quenching. At 1300°C, the microstructure of the dag does
not appreciably change and the amount of precipitated oli-
vine increases. At 1200°C, a new phase with spatu-
late-shaped particles appears; according to the XRD results,
this phase may be kotoite. The liquid phase gtill exists at this
temperature. At 1100°C, the microstructure of the dag sub-
stantially changes and nearly al of the substances become
crystaline. The suanite and kotoite both appear in large
quantities and with large spatulate shape. At 1000°C, the
size of the boron-containing crystalline particles decreases,
especialy their length, which is obviously shorter. The mi-
crostructure of the dag quenched from 900°C is similar to
that of the sample slow-cooled to room temperature (Fig. 6).

o Olivine (Mg,SiO,)  x Suanite (Mg,B,0;)
a Kotoite (Mg;B,0;)
° 1400°C
. N i Aﬁl M 1 1300°C
L]
Sl T ] ta e 1200°C
S ° ° (4
e s 100°C
5 ° °
El es Kat ok ea e 1000°C
° o |®
. alll ¢ . .0 900°C
LWMMLMM
o |9 Room temperature
[d
A

100 20 30 40 50 60 70 80
20/ (°)

Fig. 7. XRD patterns of quenched dagsduring slow coaling.

The differentia scanning calorimetry (DSC) curve of
boron-rich dag during the heating process (20°C/min, SDT
Q600) is shown in Fig. 9. As evident in the figure, the melt-
ing process of boron-rich dag consists of two steps. A small
endothermic pesk appears at 1211°C, which may result from
the boron-rich phase with a low melting point. The second

larger endothermic peak at 1243°C is the main melting peak.

It can be concluded that the dag is in the molten state at
temperatures above 1243°C except the original olivine dur-
ing the dow-cooling process. Both the nuclestion rate and
the crystal growth rate are dow when the temperature is

close to the melting point [18]. Thus, the amount of bo-
ron-containing crystalline phase is small when the tempera-
tureis greater than 1200°C.
3.2.3. EEB analysis

The variation of the EEB values of quenched dags during
dow coaling is shown in Fig. 10. The EEB value of the dag
quenched from 1400°C is only 46.4% because of its poor
degree of crydallization; this EEB value is the lowest ob-
served in the present study. The EEB vaue of the dag
quenched from 1300°C increases dightly. The EEB value of
the slag quenched from 1200°C increases to 76.9% because
of the precipitation of kotoite. The EEB value of the slag
quenched from 1100°C is 87.0% and is the highest value
observed in the present study because of the extensive pre-
cipitation of suanite and kotoite. However, the EEB value of
the 1000°C quenched dlag decreases and the reason may be
the decreasing size of the boron-containing crystalline phase.
The EEB values of the quenched dags gradualy increase
during further cooling to temperatures below 1000°C. The
reason for this variation of the EEB values is complicated,
and Zhang and Sui [19] reported the same result that the
highest EEB value of boron-rich dag occurs at 1100°C
when a quenched amorphous MgO-Al,O0~Ca0O-B,0:-S 0,
dag system is heated.

3.3. Acid leaching behavior of boron

3.3.1. Effect of the amount of sulfuric acid

The main reactions that occur between boron-rich dag
and sulfuric acid during the leaching process are shown as
follows:
2MgO-B,05+ 2H,S0,+ H,0 = 2H3BO; + 2MgSO, (6)
2MgO-SiO, + 2H,S0,4= 2MgSO,+ SO, + 2H,0 (7

The theoretical amount of sulfuric acid in the acid leach-
ing process, referred to as the amount consumed, is the
amount required for the complete conversion of all meta
cations in the ore into sulfates. In the present study, MgO
represents nearly al of the basic metal oxide and the theo-
retical amount of sulfuric acid is defined as stoichiometric
amount of H,SO, for the compl ete reaction of MgO.

The boron extraction ratio of the dow-cooled boron-rich
dag as a function of time when using 60% to 90% of the
theoretica amount of sulfuric acid is presented in Fig. 11
under the conditions of leaching temperature of 30°C,
leaching time of 55 min, and liquid-to-solid (L/S) ratio of 10
mL/g. The leaching rate of boron is large during the initia
stage of the leaching process because of the higher initia
sulfuric acid concentration. The boron extraction ratio in-
creases with increasing sulfuric acid amount from 60% to
90% of the theoretical amount, and the boron extraction ra-
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tio after 55 min increases from 62% to 77%. The increase of
the boron extraction ratio is not obvious when the sulfuric
acid amount is increased from 80% to 90% of the theoretical
amount. Therefore, the optimum amount of sulfuric acid in
the leaching experiments of the boron-rich dag can be set as
80% of the theoretical amount, which is similar to the con-
clusion of a study on the preparation of boric acid from blast
furnace boron-rich slag using the sulfuric acid method [20].
In the leaching process of practical boric acid production,
the amount of sulfuric acid is approximately 60% to 80% of
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the theoretical amount. Excessive acid may result in greater
corrosion of equipment and more impurities in the dlag dis-
solving into solution [21].
3.3.2. Effect of leaching temperature

The effect of leaching temperature on the boron extrac-
tion ratio is shown in Fig. 12 under the conditions of 80% of
the theoretical sulfuric acid amount, leaching time of 55 min,
and L/S of 10 mL/g. The boron extraction ratio incresses
with increasing leaching temperature. The leaching tempera-
ture mainly affects the chemicd reaction rate and diffusion

Fig. 8. Microstructureimages of quenched slags during sow cooling: (a) 1400°C; (b) 1300°C; (c) 1200°C; (d) 1100°C; () 1000°C; (f)

900°C.
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Fig.9. DSC curvefor theboron-rich dag.
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Fig. 10. Variation of EEB values of quenched dags during
dow cooling.

Fig. 11. Effect of sulfuric acid amount on boron extraction.

rate. Higher boron extraction ratio can be obtained at higher
temperatures in the same leaching period. The leaching rate
of boron stabilizes when the reaction is conducted for more
than 35 min. When the leaching temperature is approxi-
mately 60°C, the rate of filtration is very dow. This dow
filtration rate may be result of higher temperatures favoring
the leaching of olivine, leading to formation of a silica sol

during the leaching process. Therefore, the operating tem-
perature for the sulfuric acid leaching of boron-rich dag
should be kept below 60°C under the previoudy stated ex-
perimental conditions.

Fig. 12. Effect of leaching temperature on boron extraction.

3.3.3. Effect of L/Sratio

The effect of L/S ratio on the boron extraction ratio is
shown in Fig. 13 under the conditions of 80% of the theo-
retical sulfuric acid amount, leaching time of 55 min, and
leaching temperature of 40°C. The boron extraction ratio
obvioudly increases when the L/Sratio is decreased from 10
to 8 mL/g and 97.2% of the boron in the dag has been ex-
tracted into the solution in less than 30 min. This extraction
isareault of the reduced L/S ratio, which improves the acid
concentration in the solution, benefiting the reaction be-
tween suanite and sulfuric acid. As the L/S ratio is further
decreased to 6 mL/g, the boron extraction ratio does not sig-
nificantly increases. The decrease of the L/S may aso in-
crease the leaching ratio of impurities, which adversely af-
fects boron production. Moreover, when the L/S is 6 mL/g,
the filtration rate appears to decrease because of the precipi-
tation of boric acid from solution. Thus, the optimum L/S
ratio of boron-rich slag leaching in sulfuric acid should be 8
mL/g according to the results of these leaching experiments.
Actually, the L/S ratio in the boric acid production from
szaibelyite using sulfuric acid leaching is 2 mL/g [21],
which is much lower than the L/S ratio in the present study.
In the experiments in this work, the boron extraction ratio
can reach 98% under conditions of 80% of the theoretical
amount of sulfuric acid, leaching time of 30 min, leaching
temperature of 40°C, and an L/S ratio of 8 mL/g. It can be
concluded that, for the production of boric acid, the boron
extraction properties of the slow-cooled boron-rich dag ob-
tained in this study are much better than szaibelyite ore in
the sulfuric acid leaching process.
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Fig. 13. Effect of theL/Sratio on boron extraction.

4. Conclusions

In this study, anovel boron enrichment and extraction proc-
ess using ludwigite based on iron nugget technology has been
investigated. The conclusions are summarized asfollows:

(1) Ludwigite/coal composite pellets can redlize iron and
slag melting separation when reduced at 1400°C for 15 min,
where 95.7% of the total boron in the ore will be enriched
into the slag phase, forming boron-rich slag. The B,O; con-
tent of the resulting dag is greater than 20wt%. The crystal-
line phases of boron-rich slag are olivine (Mg,SiO,), suanite
(Mg,B,0s), and kotoite (MgsB,Og). Suanite and kotoite are
the boron-containing crystalline phase.

(2) The microstructure and phase composition of the bo-
ron-rich dag obvioudy change during the sow-cooling
process from 1400 to 900°C. The origina olivine exists in
the initial molten dag because of its high melting point.
Kotoite precipitates in small amounts at 1200°C, and suanite
precipitates in large quantities at 1100°C. The slag quenched
from 1100°C exhibits the best extraction properties.

(3) The optimal parameters for the boron extraction from
boron-rich slag by sulfuric acid leaching are 80% theoretical
sulfuric acid amount, leaching time of 30 min, leaching
temperature of 40°C, and liquid-to-solid ratio of 8 mL/g.
The boron extraction properties of the dow-cooled boron-rich
dag are much better than those of the szaibelyite ore.
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