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Abstract: Ludwigite ore is a strategic mineral resource unique to China. Its efficient and comprehensive utilization is of paramount im-
portance for ensuring the healthy and sustainable development of China’s industry and national defense security. This study presents and
validates a scale-up integrated process for separating boron and iron from boron–iron mixed concentrate (BIMC) and producing reduced
iron powder and high-purity boric acid. The process involves reductive soda-ash roasting in a rotary kiln, followed by wet-grinding, mag-
netic separation, and fractional crystallization. Under optimized parameters, the process achieved a boron leaching efficiency of 70.23%,
an iron grade in the magnetic concentrate of 94.12wt%, and a corresponding recovery of 93.35%. The recovered reduced iron powder can
be used as feed for short-process steelmaking. The boron-rich liquor was then used to prepare high-purity boric acid (>99wt%) with a reg-
ular morphology by adjusting the pH with sulfuric acid, and the corresponding aqueous chemical behaviors were investigated. This integ-
rated process offers a promising approach for the efficient and environmentally friendly utilization of boron–iron complex ore.

Keywords: ludwigite ore; reductive-soda roasting; reduced iron powder; scale-up validation; solution chemistry; boric acid

 

 1. Introduction

The Liaoning Fengcheng Wengquangou boron–iron mine
(named as ludwigite ore), with a known reserve of 283 mil-
lion  tons,  accounts  for  58%  of  China’s  total  known  solid
boron reserve. This mine contains a variety of minerals, in-
cluding boron, magnesium, and iron, primarily in the form of
szaibelyite, serpentine, and magnetite. The efficient and com-
prehensive utilization of the ludwigite ore has been a key fo-
cus  due to  its  abundant  boron and iron reserves,  despite  its
low grade and complex mineral composition [1–4].

Current physical separation methods for beneficiating lud-
wigite  ore  yield  both  boron concentrate  and  boron-contain-
ing iron concentrate, which are used for borax production and
ironmaking, respectively. The CO2-soda method employed to
produce borax from boron concentrate  generates  a  signific-
ant amount of alkali-containing waste (boron mud), which is
currently  non-recyclable  and  classified  as  hazardous  waste,
posing  a  significant  environmental  concern [5–8].  Further-
more, the sintering–blast furnace method used for ironmak-
ing  of  the  boron-containing  iron  concentrate  results  in  low
value-added utilization of the boron component [9–10].

To  address  these  challenges,  a  multi-step  process  in-
volving  reductive  soda-ash  roasting,  grind–leaching  and
magnetic separation was previously proposed [11–12]. This
method demonstrated improved recoveries of boron and iron,

enabling the comprehensive utilization of valuable compon-
ents. Approximately 70wt% of the boron was extracted into
the  liquor,  and  95wt% of  the  metallic  iron  powder  was  re-
cycled  by  magnetic  separation.  The  non-magnetic  tailings
were further leached at 453 K to recycle the residual boron
and sodium, and the leached residue (magnesia-rich residue)
can be used to prepare magnesia-based refractory materials,
realizing the comprehensive utilization of valuable compon-
ents [13].

Although the proposed process has demonstrated signific-
ant advantages in laboratory-scale studies, such as a stream-
lined process flow, low energy consumption, and high recov-
eries of boron and iron, its feasibility for industrial applica-
tion still  necessitates validation through systematic scale-up
experiments.  Laboratory-scale  reductive  roasting  experi-
ments, particularly conducted using a muffle furnace, exhibit
notable  limitations.  Firstly,  the  static  heating  methods  em-
ployed struggle to replicate the dynamic thermal field envir-
onments encountered in actual production. Secondly, small-
scale setups fail to accurately reflect the mass and heat trans-
fer  characteristics  observed  at  an  industrial  scale.  Through
scale-up  experimental  studies,  critical  issues  that  are  often
overlooked in small-scale research can be effectively identi-
fied and addressed. Hence, conducting scale-up experiments
in a rotary kiln not only verifies the feasibility of industrial
application  of  the  reductive  soda-ash  roasting  process,  but 
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also provides critical process parameters and a scientific basis
for industrial scale design. This research offers significant en-
gineering  guidance  for  the  efficient  and  clean  utilization  of
ludwigite resources.

This study further investigates the application of this pro-
cess at a scale-up rotary kiln, demonstrating enhanced recov-
eries  of  boron and iron,  as  well  as  the  preparation of  high-
purity  boric  acid  from  the  boron-rich  liquor.  These  results
highlight  the  potential  for  industrial-scale  utilization  of
Wengquangou boron–iron complex ore.

 2. Experimental
 2.1. Materials

The boron–iron mixed concentrate (BIMC) is an interme-
diate  product  obtained  through  the  combined  magnetic  and
gravity separation of ludwigite ore from Liaoning Shougang
Iron  Boron  Co.,  Ltd.,  China.  The  chemical  composition  of
the  BIMC  sample  contains  46.89wt%  of  total  iron  (TFe),
5.80wt%  B2O3,  15.31wt%  MgO,  and  7.64wt%  SiO2,  as
shown in  Table  S1.  X-ray  diffraction  (XRD) pattern  of  the
BIMC  shows  that  the  main  phase  composition  was  mag-
netite, szaibelyite, and lizardite (Fig. S1).

Lignite was used as a reducing agent, and the proximate
analysis and ash composition of lignite are listed in Table S2.
The contents of fixed carbon (FCad), volatile matter (Vad), ash
(Aad),  and  moisture  (Mad)  are  60.32wt%,  19.84wt%,
10.33wt%, and 9.51wt%, respectively. The anhydrous sodi-
um carbonate and sulfuric acid are of industrial grade purity,
while the sodium bicarbonate and boric acid used are of ana-
lytical grade.

 2.2. Methods

 2.2.1. Reductive soda-ash roasting
Reductive soda-ash roasting experiments were conducted

using a rotary kiln with a diameter of 1.0 m and a length of
0.55  m.  The  mixture  of  BIMC,  soda-ash,  and  lignite  were
mixed and briquetted using a briquetting machine. Prelimin-
ary experiments in laboratory scale have determined that the
suitable  roasting  parameters:  soda-ash  dosage  of  25wt%,
roasting temperature of 1323 K. Therefore, a soda-ash dosage
of  25wt% was  chosen  for  the  rotary  kiln  experiments.  The
rotary kiln was preheated to 1273 K, and then 30 kg of dry
briquettes  were  introduced.  Additionally,  10  kg  lump  coal
(5–20 mm) was also added to the rotary kiln to maintain the
reductive  atmosphere.  The  kiln  was  heated  for  45–60  min
and  maintained  at  1323  K for  60  min.  After  reduction,  the
roasted briquettes were discharged from the kiln and covered
with fine coal to prevent reoxidation.
 2.2.2. Grind–leaching and magnetic separation

After  reduction,  the roasted briquettes  were crushed to a
particle  size  of  less  than  1  mm  and  then  subjected  to  wet
grinding with a pulp concentration of 50wt% for 20 min. The
fineness of the grinding product of −45 μm was 85wt%. The
pulp was filtered to obtain leached liquor (boron-rich liquor)
and leached residue. The boron-rich liquor was used to syn-
thesize boric acid, while the leached residue was subjected to
magnetic separation to produce reduced iron powder.

ω1 η

Magnetic  separation  was  conducted  using  a  magnetic
drum separator (XCRS74-Φ400 × 300) with a magnetic field
intensity of 79.6 kA·m−1. The obtained magnetic concentrate
and tailing were dried in a vacuum oven at 373 K for 6 h. The
boron leaching efficiency (χ), iron grade in the magnetic con-
centrate ( ), and iron recovery ( ) were used to evaluate the
process. These parameters were calculated as follows:

χ =
c×V
m0×α

×100% (1)

η =
m1×ω1

m0×ω0
×100% (2)

where c and V are the concentration (g/L) and volume (L) of
leached liquor, respectively; m0 and α represent the mass (g)
and boron content (wt%) of the feed, respectively; m1 is the
mass  of  magnetic  concentrate  (g); ω1 and ω0 represent  the
iron  grade  in  the  magnetic  concentrate  (wt%)  and  feed
(wt%), respectively.
 2.2.3. Preparation of boric acid

The  preparation  of  boric  acid  was  conducted  in  a  5  L
three-necked  flask  equipped  with  a  pH  meter,  heated  by  a
thermostatic  water  bath,  and  agitated  by  a  stirrer.  50vol%
H2SO4 was  introduced  into  the  liquor  using  a  peristaltic
pump, and the reaction temperature was maintained at 333 K.
After  reaction,  the  liquor  was  then  subjected  to  fractional
crystallization  to  obtain  boric  acid  at  308  K  and  sodium
sulfate at  283 K. The crystallization ratio of boric acid was
calculated as follows:

ψ =

(
1− c2×V2

c1×V1

)
×100% (3)

where ψ (%) represents the crystallization ratio percentage of
boric acid; c1 and V1 are the concentration (g/L) and volume
(L)  of  boron-rich  liquor  before  crystallization,  respectively;
c2 and V2 are  the  concentration  (g/L)  and  volume  (L)  of
boron-containing  liquor  after  crystallization,  respectively.
The  schematic  flow of  preparation  of  reduced  iron  powder
and synthesis of boric acid is illustrated in Fig. 1.

 2.3. Analytical methods

The metallic  iron  and  TFe contents  in  the  samples  were
determined by the chemical titration method. The boron con-
tent in both solid and liquor samples was analyzed using an
inductively  coupled  plasma  optical  emission  spectrometer
(ICP-OES, Optima, 5300 DV, USA). The contents of other
elements  were  determined  by  atomic  absorption  spectro-
scopy. XRD (Rigaku, ultima IV, Japan) was analyzed using a
Cu Kα X-ray source. Microstructures were observed using a
scanning  electron  microscope  (SEM,  TESCAN,  MIRA4,
Czech) and electron probe micro analyzer (EPMA, EPMA-
1720 Shimadzu,  Japan).  Thermodynamic analysis  was con-
ducted using the FactSage 8.0 software. Raman spectra were
performed using a HORIBA Scientific LabRAM HR Evolu-
tion device with a laser excitation wavelength of 514 nm at
room  temperature.  Nuclear  magnetic  resonance  (NMR)
measurement (BRUKER Avance NEO 600,  Germany) was
employed to analyze the variation of boron and carbon spe-
cies in the liquor.
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 3. Results and discussion
 3.1. Preparation of reduced iron powder

 3.1.1. Reductive soda-ash behavior
Previous  preliminary  experiments  have  proven  that  a

soda-ash dosage of 25wt%, a reductive temperature of 1323
K, and a reductive duration of 60 min were suitable reduc-
tion  roasting  conditions [11,13].  Thus,  the  dry  briquettes
were roasted at 1323 K for 60 min, with varying dosages of
lignite as the reductant. As shown in Fig. 2(a), the iron metal-
lization ratio of roasted ore increased with the addition of lig-
nite. The iron metallization ratio rose rapidly from 33.68wt%
to 91.23wt% as the lignite dosage increased from 0 to 8wt%,
and then only slightly to 93.59wt% when the dosage was fur-

ther increased to 10wt%. Fig. 2(b) shows the XRD patterns
of  roasted  ores  with  varying  additions  of  lignite,  and  the
phase  composition  of  roasted  ores  consisted  of  iron  (Fe),
magnesiowüstite (MgxFe1−xO), and sodium magnesium silic-
ate (Na2MgSiO4).  During reduction,  magnetite  was reduced
into  wüstite  and  metallic  iron  (Eqs.  (4)–(5)),  while  sodium
carbonate  reacted with boron-containing minerals  and silic-
ate  minerals  to  generate  water-soluble  sodium  borate
(NaBO2)  and  insoluble  sodium  magnesium  silicate  (Eqs.
(6)–(7)).  In  addition,  part  of  FeO  would  react  with  the
produced  MgO  to  form  MgxFe1−xO  by  solid–solid  reaction
(Eq. (8)).

Fe3O4+C = 3FeO+CO(g) (4)

 

BIMC

Soda ash

Lignite Briquetting

Reductive roasting
Grind−leaching

Filtration

Leached residue

Magnetic separation

Reduced iron

powder

Tailing

Boron-rich liquor

Boric acid

Sodium sulfate
Acidification & crystallization

Fig. 1.    Schematic diagram of preparation of reduced iron powder and boric acid.
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FeO+CO = Fe+CO2(g) (5)

2MgBO2(OH)+Na2CO3 = 2NaBO2+2MgO +
CO2(g)+H2O(g) (6)

Mg3Si2(OH)4O5+2Na2CO3 = 2Na2MgSiO4+MgO +
2CO2(g)+2H2O(g) (7)

xMgO+ (1− x)FeO =MgxFe1−xO (8)
Notably, it was observed that the diffraction peak corres-

ponding  to  the  (200)  crystal  plane  of  MgxFe1−xO  obviously
shifted to the right side of 2θ, with increasing lignite addition
(Fig.  2(c)),  demonstrating  that  the  interplanar  space  in-
creased. This variation was attributed to the reduction of iron

ions  in  the  MgxFe1−xO  phase  to  metallic  iron,  which  sub-
sequently migrated out of the crystal lattice. MgxFe1−xO phase
gradually converted to periclase (MgO), accompanied by the
reduction  of  iron  ions  in  MgxFe1−xO.  Furthermore,  the  en-
hanced  intensity  of  the  diffraction  peak  corresponding  to
(110)  crystal  plane  of  metallic  iron  further  confirmed  this
conclusion (Fig. 2(d)).

Scanning electron microscope-energy dispersive spectro-
meter (SEM-EDS) analysis of the roasted samples with dif-
ferent lignite additions were performed to reveal the micro-
structural evolution and phase composition, with the results
illustrated in Fig. 3. According to Fig. 2(a), the iron metalliz-
ation ratio was moderately unsatisfactory when the lignite ad-
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dition  was  5wt%.  It  was  evident  that  the  roasted  ore  with
5wt% lignite presented a porous microstructure, with metal-
lic  iron grains aggregating in the outer  region while the in-
terior  contained  abundant  relatively  densely  structured
magnesiowüstite phase (Fig. 3(a)–(c)). EDS analysis results
show that the iron content in the magnesiowüstite phase was
relatively high (Fig. 3(d)). Additionally, Elemental mapping
analysis  also  further  confirmed  the  formation  of
magnesiowüstite  (Fig.  3(e)).  This  indicated  that  the  iron  in
the magnesiowüstite phase was not effectively reduced, lead-
ing to the lower iron metallization ratio.

When the lignite dosage increased to 8wt%, SEM images
of  the  roasted  sample  show  that  the  interior  had  a  typical
sponge iron structure, consisting of well-grown metallic iron
grains with sizes of up to hundreds micrometer separated by
pores  (Fig.  3(f)–(h)).  Moreover,  it  was  observed  that  the
metallic iron grains were interconnected through the connec-
ted neck, resulting in an increase in the size of iron particles.
(Fig.  3(i)).  SEM images  and elemental  mapping further  in-
dicated  that  the  reduced  sample  was  composed  of  metallic
iron  and  sodium  magnesium  silicate,  as  confirmed  by  ele-
mental  mapping,  and  magnesiowüstite  phase  was  not  ob-

served (Fig. 3(j)–(n)).
In order to reveal the boron activation during reduction, an

EPMA  analysis  was  further  conducted  to  investigate  the
boron-containing  phase.  The  microstructure  revealed  the
presence of a sodium borate (spot 2) liquid phase, alongside
metallic iron (spot 1) and sodium magnesium silicate (spot 3)
(Fig.  4 and Table 1).  It  was assumed that  the low-viscosity
sodium borate liquid promoted the migration and growth of
metallic iron grains during reduction. Upon cooling, the sodi-
um  borate  transitioned  into  a  homogeneous  glass  phase,
while sodium magnesium silicate precipitated out.
 3.1.2. Separation of boron and iron

After  reduction,  the  roasted  sample  was  subjected  to
grind–leaching  and  magnetic  separation  to  separate  boron
and iron, respectively. Boron was dissolved into the pulp dur-
ing wet grinding, owing to its soluble property.

NaBO2+2H2O(l) = Na+(aq)+B(OH)−4 (aq) (9)
As  shown  in Fig.  5,  the  boron  leaching  efficiency  was

around 70% and was not significantly affected by the dosage
of lignite. During reduction roasting, szaibelyite initially de-
composed  and  formed  suanite  (Mg2B2O5),  which  sub-
sequently  reacted  with  Na2CO3 to  yield  sodium  borate  and
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Table 1.    Elemental mass distribution of the corresponding mineral phase in Fig. 4(c).

Spot
Element mass distribution / wt%
B Fe Mg Si Na O

1 0.00 100.00 0.00 0.00 0.00   0.00
2 12.48 3.86 8.35 12.60 30.92 27.43
3 1.31 10.91 12.01 21.96 22.79 30.80
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MgO.  Hence,  boron  leaching  efficiency  was  primarily  af-
fected by the dosage of Na2CO3. However, the iron grade in
the  magnetic  concentrate  and  the  iron  recovery  increased
substantially  as  the  lignite  dosage  rose  from  0  to  8wt%,
reaching  94.12wt%  and  93.35%,  respectively.  Further  in-
creasing the lignite to 10wt% only led to a slight additional
improvement.  Therefore,  a  lignite  dosage  of  8wt%  was
deemed suitable.

Boron  leaching  was  achieved  during  wet  grinding,  with
approximately 70wt% of the boron being leached at a liquid-
to-solid  ratio  of  1  mL/g  and  a  grinding  time  of  20  min  at
room temperature. This was attributed to the coupling effect
between grinding and leaching. Under the mechanochemical
forces,  the mineral  particles  were finely dissociated,  expos-
ing the sodium borate crystals to water and enhancing their
dissolution (Fig.  6).  The grinding also caused lattice distor-
tion of the sodium borate, further improving the leaching ef-
ficiency.
 3.1.3. Characterization of the reduced iron powder

The chemical composition of the reduced iron powder is
shown in Table S3. The iron grade was 94.12wt%, making it
suitable as a raw material for short-process steelmaking. The
XRD pattern (Fig. S2(a)) confirmed the high purity of the re-
duced  iron,  with  no  impurity  peaks  detected.  SEM  images
(Fig.  S2(b)–(c))  revealed  a  block-like  morphology  with
particle sizes around 50 μm.

 3.2. Preparation of acid boric from the boron-rich liquor

 3.2.1. Boron and silicon speciation in the aqueous solution
After  grind–leaching  and  magnetic  separation,  the  ac-

quired boron-rich liquor was used to prepare boric acid, and
the chemical composition of the boron-rich liquor is shown in
Table 2. The concentration of boron and sodium are 4.15 and
14.68 g/L, respectively, while the main purity is silicon de-
rived from the dissolution of sodium silicate.

B(OH)−4

B(OH)−4

B3O3(OH)−4
B4O5(OH)2−

4

B(OH)−4

Boron species commonly exist as various complex borate
ions in aqueous solution due to complex hydrolysis reaction
and polymerization, and they are commonly affected by the
total  boron  concentration  and  pH  value  of  the  solution
[14–16]. As shown in Fig. 7, at a low total boron concentra-
tion  of  0.01  M,  only  the  H3BO3 and  species  were
observed. The molar fraction of H3BO3 decreased, while that
of  ion  increased,  as  the  pH rose  from 0  to  14.  At
higher total boron concentrations of 0.1 M and above, addi-
tional  polyborate  species,  such  as  and

 were  observed  in  the  pH  range  of  6–13.  The
H3BO3 and HBO2 species were predominant  in the low pH
range, while  was stable in the high pH range.

SiO(OH)−3 SiO2(OH)2−
2

The major  impurity  in  the boron-rich liquor  was silicon.
Fig. 8 shows the distribution of silicon species as a function
of pH and total silicon concentration. At low concentrations
(0.001  M),  the  stable  species  were  SiO2·H2O  and  Si(OH)4

precipitates in the pH range of 0–9, while water-soluble silic-
ate ions, such as  and , existed at high-
er pH values of 10–14. As the total silicon concentration in-
creased,  the  stable  pH  range  of  the  SiO2·H2O  precipitate
widened, and the Si(OH)4 species disappeared.
 3.2.2. Boric acid synthesis by sulfuric acid acidification

The sulfuric acid acidification process involves the trans-
formation  of  the  boron  and  carbon  species  in  the  aqueous
solution.  Raman and NMR spectroscopy were employed to
characterize the chemical reactions. As depicted in Fig. 9(a),
the  pH  value  of  the  solution  gradually  decreased  with  in-
creasing acidification time, and it  rapidly declined from pH
of  7.0  to  2.0.  Meanwhile,  the  crystallization  ratio  of  boric
acid  rapidly  increased  from  24.47%  to  93.14%  as  the  pH
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Fig. 6.    Schematic diagram of the grind–leaching process.

 

Table 2.    Chemical composition of the boron-rich liquor

B / (g⋅L−1) Na / (g⋅L−1) Si / (g⋅L−1) Fe / (mg⋅L−1) Mg / (mg⋅L−1) Ca / (mg⋅L−1) Al / (mg⋅L−1)
4.15 14.68 0.13 <1.0 <1.0 <1.0 <1.0
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value decreased from 10.08 to 2.0, which was consistent with
the boron aqueous chemistry results in Fig. 7.

B(OH)−4

Fig. 9(b) shows the Raman spectra varied with the pH val-
ues of the solution. The typical symmetric stretching vibra-
tions  of  B–O  bonds  at  754  cm−1 indicated  the  presence  of

 species in the aqueous solution, and the intensity of

peak  weakened  and  disappeared  when  the  pH  value  de-
creased from 11.0 to 9.0 [17–18].  With the decrease of  pH
value, the intensity of emerging peaks at 458, 618, and 885
cm−1, attributed to the vibrations of plane triangle B–O bonds
in  H3BO3 molecules,  gradually  enhanced,  suggesting  the
presence of H3BO3 [19–21]. Meanwhile, the intensity of peak
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SO2−
4

SO2−
4

at 990 cm−1, corresponding to the symmetric stretching vibra-
tions  of  free  ions,  gradually  enhanced,  demonstrating
that the  ions concentration increased with the decrease
of  pH  value [22–23].  The  Raman  band  at  1653  cm−1 is
ascribed to the water H–O–H bending mode [24]. 11B and 12C
NMR spectra analyses are further conducted to characterize
the variation of boron and carbon species during the acidific-
ation process.

B(OH)−4

CO2−
3 HCO−3

As shown in Fig. 9(c), the 11B chemical shift significantly
shifted  to  the  positive  direction  with  a  decrease  in  the  pH
value,  suggesting  that  the  chemical  coordination  environ-
ment had altered. There is a sharp peak at 11B chemical shift
of about 1.7 ppm that was identified as peak of  spe-
cies,  when  the  pH  value  of  the  solution  was  11.0  or  10.0
[25–26]. When the pH value decreased to 9.0, the chemical
shift was observed at 8.2 ppm, corresponding to the presence
of  polyborate  anions [27].  As  the  pH value  of  the  solution
continued to decrease to 7.0 and below, the chemical shift of
the  resonance peak slightly  changed and remained at  about
19.5 ppm, which is ascribed to H3BO3 [28–29]. From the 12C
NMR spectra (Fig. 9(d)), the chemical shift evidently shifted
to the low chemical shift direction with a decrease in the pH
value, and the intensity of the resonance peak was noticeably
weakened and disappeared at pH of 6.0. When the pH value
of the solution decreased from 11.0 to 7.0, the 12C chemical
shift  transformed  from  168.1  to  160.3  ppm,  demonstrating
the carbon species converted from  ions to  ions

[30–31]. These results demonstrate the effective synthesis of
high-purity boric acid by adjusting the pH of the boron-rich
liquor using sulfuric acid, as shown in Eqs. (10)–(13).

SiO2(OH)2−
2 (aq)+2H+(aq) = SiO2 ·H2O(s)+H2O(l) (10)

B(OH)−4 (aq)+H+(aq) = H3BO3(aq)+H2O(l) (11)

CO2−
3 (aq)+H+(aq) = HCO−3 (aq) (12)

HCO−3 (aq)+H+(aq) = CO2(g)+H2O(l) (13)
 3.2.3. Characterization of boric acid

When adjusting the pH of the solution to less than 7.0, the
silicic  acid  precipitates  from  the  solution.  After  filtering
out the silica (SiO2∙nH2O), the liquor was subjected to frac-
tional  crystallization  to  acquire  boric  acid  and  sodium
sulfate,  respectively.  Chemical  analysis  results  indicate  that
the purity of boric acid reached 99.5wt%. Fig.  10(a) shows
that  the  XRD  pattern  of  as-synthesized  boric  acid  well
matched  with  the  standard  PDF  card  (PDF#73-2158),  and
no impurity peak was observed, indicating that the synthes-
ized  boric  acid  with  a  high  purity.  Interestingly,  compared
with the XRD pattern of commercial boric acid agent, only
a  diffraction  peak  corresponding  to  the  (002)  crystal  plane
was observed in the as-synthesized boric acid, revealing that
the preferential growth orientation of the (002) plane occurs.
Raman  spectroscopy  was  further  used  to  characterize  the
structure of as-synthesized boric acid, as shown in Fig. 10(b).
The  band  at  885  cm−1 is  quite  intense  and  attributed  to  the
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symmetric stretching vibrations of B–O bonds, and the bands
at  505,  1173,  and  1394  cm−1 are  assigned  to  H3BO3

[19,32–33].  The wide bands at  3173 and 3247 cm−1 are  at-
tributed to the H–O vibrations. SEM images (Fig. 10(c)–(e))
display that the synthesized boric acid presents petal-like mi-
crostructures with a particle size of about 10 μm. Addition-
ally, the shape of the particles is rather regular, and the sur-
face is smooth and clean, indicating that excellent crystalliz-
ation and high purity.

Fig. 11(a) shows that all diffraction peaks in XRD pattern
of crystallized sodium sulfate are well indexed to the stand-
ard PDF card (PDF#70-1541). SEM images (Fig. 11(b)–(c))
show that the sodium sulfate product was composed of rod-
like particles with a size of 0.5–1 μm.

Based on the results  obtained,  an integrated process was
established, and the chemical composition and elemental dis-
tribution of the various products are presented in Table 3.

 3.3. Economic analysis and process evaluation

Fig.  12 presents  a  comparative analysis  of  the economic

and  technical  indicators  associated  with  the  traditional  pro-
cess and the proposed process. Taking 1000 kg of ludwigite
ore as a basis, the input costs of the raw materials (ludwigite
ore, CO2, and soda-ash) and energy consumption for the tra-
ditional  process  were  $53.96  and  $104,  respectively.  The
revenue generated from the products  (hot  metal  and borax)
was  $236.2,  resulting  in  a  net  profit  of  $77.6  for  the  entire
process. In contrast, for the novel process, the input costs for
the  raw materials  (ludwigite  ore,  lignite,  soda-ash,  and  sul-
furic acid) and energy consumption were $87.2 and $107.4,
respectively.  The  revenue  from  products  (reduced  iron
powder, boric acid, and sodium sulfate) totaled $301, and the
net profit of the integrated process was $106.4. More details
of the economic calculation are provided in Table S4 and S5.
Therefore, the novel process proposed in this study demon-
strates superior economic feasibility for treating ludwigite ore
at the current laboratory scale.

In the novel process, ludwigite ore is initially subjected to
gradient  magnetic  separation  to  obtain  BIMC.  This  mixed
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concentrate  then  undergoes  reductive  soda-ash  roasting,
which facilitates the simultaneous activation of boron and the
reduction  of  iron  oxides.  Subsequently,  through  magnetic
separation,  acidification,  and  fractional  crystallization,  re-
duced iron powder and boric acid are produced. This method
directly utilizes the BIMC as the raw material, thereby break-
ing the limitations of traditional ludwigite ore treatment that
necessitate the pre-separation of boron and iron. This innova-
tion significantly improves the recoveries of both boron and
iron. Furthermore, the proposed process integrates the smelt-
ing of iron concentrate with the chemical processing of boron
concentrate  into  a  single  operation.  This  integration simpli-
fies the overall process, significantly improves the recoveries
of  boron  and  iron,  reduces  solid  waste  emissions,  and  not-
ably eliminates the generation of boron mud.

 4. Conclusions

This  study  successfully  demonstrated  an  integrated  pro-
cess for producing reduced iron powder and boric acid from
reductive  soda-ash  roasted  BIMC in  a  rotary  kiln.  The  key
findings are summarized as follows:

(1) Rotary kiln reduction results indicated that the dosage
of lignite significantly influenced the iron metallization ratio.
Through a combination of wet-grinding and magnetic separ-
ation,  under  optimized  conditions  (roasting  temperature  of
1323 K, 8wt% lignite addition, duration of 60 min, grinding
time of 20 min, pulp concentration of 50wt%, and a magnet-
ic field intensity of 79.6 kA·m−1), a boron leaching efficiency
of  70.23%,  an  iron  grade  in  the  magnetic  concentrate  of
94.12wt%,  and an iron recovery of  93.35% were  achieved.
The synergistic effect of grinding and leaching not only re-
fined mineral particles but also enhanced boron dissolution.

B(OH)−4
B3O3(OH)−4 B4O5(OH)2−

4

CO2−
3 HCO−3

(2) The boric solution chemistry revealed that boron and
silicon  existed  as  boric  acid  (H3BO3)  and  silicic  acid
(SiO2∙H2O), respectively, at pH values below 7.0. Raman and
11B  NMR  spectroscopy  confirmed  the  transformation  of
boron  species  from  ions  to  polyborate  ions
(  or  ions)  and finally to H3BO3 as
the pH decreased from 11.0 to 2.0. Similarly, 12C NMR spec-
troscopy  showed  the  conversion  of  carbon  species  from

 to  and then to CO2 gas.
(3)  By  adjusting  the  pH  using  sulfuric  acid,  silicic  acid

precipitated  first  and  was  removed  by  filtration.  Fractional

 

Table 3.    Chemical composition and elemental distribution of various products

Sample Mass / g
Chemical composition / wt% Elemental distribution / %
B2O3 TFe Na2O MgO SiO2 B2O3 TFe Na2O MgO SiO2

Raw ore 100.00   5.80 46.89   0.01 15.31   7.64 — — — — —
Roasted ore 95.30   6.09 49.20 15.34 16.07   8.02 100.00 100.00 100.00 100.00 100.00
Magnetic concentrate 46.51   0.47 94.12   0.26   1.23   1.22     3.95   93.35     0.87     3.92     7.42
Tailing 39.72   3.77   7.85 12.06 37.03 16.48   25.82     6.65   33.42   96.08   85.67
Leached liquor 1.00a   4.07b —   9.61b —   0.53b   70.23 —   65.71 —     6.91
Boric acid 6.75 57.28 — — — —   65.41 — — — —
Sodium sulfate 21.80 — — 43.64 — — — —   65.05 — —
Mother liquid 1.00a   0.27b —   0.10b —   0.53b     4.82 —     0.66 —     6.91

Note: a—the volume of product, L; b—the concentration of the component, g/L.
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crystallization,  leveraging  solubility  differences,  was  em-
ployed to prepare boric acid and recover sodium sulfate. The
as-prepared high-purity boric acid (99.5wt%) exhibited pref-
erential growth orientation of the (002) crystal plane, with a
petal-like morphology and a particle size of 10 μm.
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