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Abstract: As a refractory iron ore, the clean and efficient beneficiation of limonite is crucial for ensuring a sustainable long-term supply
of iron metal. In this study, the microwave fluidization magnetization roasting of limonite was explored. The micromorphology, micro-
structure, and mineral phase transformation of the roasted products were analyzed using a scanning electron microscope, an automatic sur-
face area and porosity analyzer,  an X-ray diffractometer,  and a vibrating sample magnetometer.  Kinetic analysis was also conducted to
identify the factors limiting the roasting reaction rate. Microwave fluidization roasting significantly increased the specific surface area of
limonite, increased the opportunity of contact between CO and limonite, and accelerated the transformation from FeO(OH) to α-Fe2O3 and
then to Fe3O4. In addition, the water in the limonite ore and the newly formed magnetite exhibited a strong microwave absorption capa-
city, which has a certain activation effect on the reduction roasting of limonite. The saturation magnetization and maximum specific mag-
netization coefficient increased to 23.08 A·m2·kg−1 and 2.50 × 10−4 m3·kg−1, respectively. The subsequent magnetic separation of the re-
constructed limonite yielded an iron concentrate with an Fe grade of 59.26wt% and a recovery of 90.07wt%. Kinetic analysis revealed that
the reaction mechanism function model was consistent with the diffusion model (G(α) = α2), with the mechanism function described as
k = 0.08208exp[−20.3441/(RgT)]. Therefore, microwave fluidization roasting shows significant potential in the beneficiation of limonite,
offering a promising approach for the exploitation of refractory iron ores.

Keywords: iron ore; separation; reduction roasting; microwave heating; kinetics

  

1. Introduction

Steel is the backbone of construction, bridges, and trans-
portation infrastructure, playing a crucial role in driving eco-
nomic and industrial activities [1–3]. Iron metal, the primary
raw material for steelmaking, has long held the top position
in  global  metal  production  and  consumption.  According  to
the World Steel Association, world iron and steel production
in  2023  reached  as  high  as  1309  million  and  1892  million
tons, respectively. Iron ore is the primary source of metallic
iron; with the increasing depletion of high-quality iron ore re-
sources,  the  mining  of  refractory  iron  ores  has  become  in-
creasingly important in maintaining a regular supply of iron
ore [4–5]. High-quality iron ore can be processed into quali-
fied iron concentrate through methods such as gravity separ-
ation,  magnetic  separation,  flotation,  or  even  just  crushing
and screening. For refractory iron ores, additional processing
is necessary to effectively enrich the iron content [6–8].

Limonite is a mineral aggregate formed by the weathering
of  iron  sulfide  minerals,  iron  carbonate  minerals,  and  iron-
rich silicate minerals [9]. It primarily consists of iron oxides
(hematite  and  goethite)  and  is  a  refractory  iron  ore  widely
distributed in supergene environments [10]. Its high crystal-

line water content, loose structure, and susceptibility to slim-
ing  make it  difficult  to  process  goethite  using  conventional
beneficiation methods [11]. Furthermore, the high content of
impurities, such as phosphorus, aluminum, and silicon diox-
ide,  contributes  to  the  difficulty  in  obtaining  qualified  iron
concentrate [12].  Magnetic  separation  is  the  most  conven-
tional  method for  the  preenrichment  of  iron  ores;  however,
limonite  is  a  weak  magnetic  mineral,  and  direct  magnetic
separation is not an optimal approach for this iron ore. Trans-
forming limonite into a strong magnetic mineral through heat
treatment to enhance the magnetic separation effect is an ef-
fective method for  the production of  qualified iron concen-
trate. Fluidization roasting, also known as suspension roast-
ing [13], fluidized bed roasting [14], and flash roasting [15],
is currently the main research direction to improve the heat
and mass transfer efficiency of the roasting process and has
been successfully applied in industrial production [16–17]. In
this process, the material is in a fluidized state in the roaster.
Liu et al. [11] conducted fluidization roasting and magnetic
separation  on  limonite  by  utilizing  H2 as  the  reducing  gas.
Roasting  at  798  K  and  H2 concentration  of  20vol%  for
10 min and subsequent weak magnetic separation produced
an iron concentrate with an Fe grade of 59.92wt% and a re- 
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covery of 87.26wt%. Tang et al. [18] and Sun et al. [19] em-
ployed  suspension  magnetization  roasting,  regrinding,  and
magnetic separation to treat limonite using H2 and CO as re-
ducing  gases.  The  magnetic  separation  of  the  roasting
products  yielded  iron  concentrates  with  Fe  recoveries  ex-
ceeding  94wt%.  For  the  high  content  of  harmful  elements
such as phosphorus and sulfur in the concentrate from mag-
netic  separation,  flotation  is  a  viable  technique for  their  re-
moval.

To date, the enhancement of ore magnetism in an efficient
and  environmentally  sustainable  way  remains  the  primary
challenge  in  limonite  processing [20–22].  The  fluidization
roasting  of  iron  ores  using  H2 as  the  reducing  gas  has  im-
proved the roasting efficiency to a certain level and reduced
carbon emissions [23–24]. However, the thermal energy util-
ization  rate  is  still  low.  Microwave  heating  is  an  effective
way  to  address  the  low  thermal  energy  utilization  rate  in
roasting [25].  Microwave  heating  uses  electromagnetic
waves with a frequency of 300 GHz to 300 MHz to interact
directly with substances at the molecular level, thereby caus-
ing  changes  in  the  electric  and  magnetic  fields  of  the  sub-
stances and generating heat [26]. Compared with traditional
fuel  heating,  microwave  heating  offers  several  advantages,
including  rapid  heating  rate,  selectivity,  and  environmental
friendliness [27–28]. To reduce carbon emissions, the pyro-
metallurgical  industry  urgently  requires  a  low-energy-con-
sumption  heating  method  to  help  achieve  carbon  peak  and
carbon  neutrality [29–30].  Roy et  al. [31] studied  the  mi-
crowave-assisted  reduction  roasting  of  titano-magnetite  ore
and goethitic ore; the titano-magnetite ore was roasted under
a power of 5 kW and a coal-to-ore mass ratio of 0.2 for 15
min and then subjected to magnetic separation to obtain an
iron concentrate with an iron grade of 62.57wt% and a recov-
ery  of  60.01wt%.  Meanwhile,  the  recovery of  goethitic  ore
was 16.80wt% under the same conditions. Mixing magnetite
in  goethitic  ore  can  improve  the  effect  of  wave  absorption
and thus strengthen the reduction roasting [31].  Zhou et  al.
[32] used  microwave  heating  to  roast  oolitic  hematite  and
found that  microwave treatment  promoted the  formation of

microcracks  between  ore  phases,  which  was  beneficial  to
roasting and magnetic separation. Wu et al. [33] microwave-
roasted limonite at 473 K and 600 W with 5% alkali lignin
for 30 min and obtained an iron concentrate with 88.72wt%
magnetic iron and 82.92wt% iron recovery, showing that mi-
crowave-assisted heating effectively reduced the energy con-
sumption of roasting.

Water has an activation effect during microwave roasting
[34–35]. Limonite is an iron ore with high water content and
thus  can  be  subjected  to  fluidization  roasting  through  mi-
crowave heating. This study proposed to treat limonite with
microwave fluidization magnetization roasting. The princip-
al  reactions  and  limiting  factors  in  limonite  roasting  were
analyzed by thermodynamic calculations. The mineral phase
reconstruction products, surface microstructure, and magnet-
ic  properties  of  the  roasted  products  of  limonite  were
analyzed by an X-ray diffractometer (XRD), a scanning elec-
tron  microscope  combined  with  an  energy-dispersive  spec-
troscope  (SEM–EDS),  an  automatic  dynamic  N2 adsorp-
tion  specific  surface  area  analyzer,  and  a  vibrating  sample
magnetometer  (VSM).  A weak magnetic  separation experi-
ment was performed to assess the effectiveness of magnetiz-
ation roasting. 

2. Experimental 

2.1. Materials

The  limonite  ore  used  in  this  experiment  was  obtained
from Yunnan province, China. The raw ore was crushed and
ground to pass a 1 mm standard Taylor screen and then used
for roasting and characterization. XRD was conducted on the
sample to determine its principal components, and the results
are shown in Fig. 1(a). XRD analysis indicates that the prin-
cipal iron-bearing minerals are hematite (α-Fe2O3) and goeth-
ite [FeO(OH)],  and  the  principal  gangue  mineral  is  quartz
(SiO2).  A chemical multielement analysis was conducted to
further  determine  the  chemical  composition  of  the  ore
sample, and the results are shown in Table 1. The Fe grade is
only 32.89wt%, and the contents of harmful elements CaO,
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Fig. 1.    Results of XRD (a) and particle size composition analysis (b) of the raw ore.
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P, and S are 1.83wt%, 1.22wt%, and 0.22wt%, respectively.
The loss on ignition (LOI) of the ore sample is 8.83wt%. The
ore sample was analyzed for iron chemical phases to clarify
the  iron  distribution,  and  the  results  show that  the  percent-
ages of iron in hematite/limonite, magnetic iron, iron sulfide,
iron carbonate, and iron silicate are 98.45wt%, 0, 0.18wt%,
0.52wt%, and 0.85wt%, respectively.

Fluidization magnetization roasting is a process in which
ore particles are fluidized by a gas flow, ensuring full contact
with the reducing gas. The particle size of the ore has a signi-
ficant impact on the fluidization effect. The particle size dis-
tribution  of  the  ore  samples  is  shown in Fig.  1(b).  The  ore
samples  with  particle  sizes  of −0.074  and −0.5+0.28  mm
have  the  highest  yield,  accounting  for  40.58wt%  and
20.82wt%,  respectively.  The −0.8+0.5  and −0.5+0.28  mm
particle size fractions have high Fe grades at  above 35wt%
for both, and their distributions are 11.32wt% and 23.12wt%,
respectively.  A  large  portion  of  the  iron  is  present  in  the
coarse  particles.  Iron-bearing  minerals  are  encapsulated  in
gangue minerals,  which may require  grinding operations  in
subsequent  experiment  operations.  In  addition,  the  occur-
rence state of iron in the minerals has a significant impact on
the subsequent magnetic separation. A composition analysis
of iron was conducted to determine its occurrence state in the
raw ore. The results show that the Fe in hematite and goeth-
ite accounts for 98.45wt%, with a small portion occurring in
siderite and iron silicate. 

2.2. Experimental procedure and equipment

Magnetization  roasting  experiments  were  conducted  us-
ing  a  self-designed  microwave  fluidization  roasting  system
with an automatic gas mixture supply and temperature con-
trol  device.  For  each  experiment,  15.00  g  of  sample  was
weighed and placed into a quartz tube, where N2 was intro-
duced  to  remove  air.  N2–CO  (20vol%  CO,  600  mL·min−1)

mixed  gas  was  then  introduced,  and  the  microwave  power
was adjusted to initiate the heating treatment. After the preset
temperature  was reached,  the system automatically  reduced
the microwave power to maintain a constant temperature for
microwave  fluidization  magnetization  roasting.  Upon  com-
pletion  of  the  sample  roasting,  heating  and  CO  gas  supply
were ceased, but N2 introduction was continued. The quartz
tube containing the roasted product was then removed from
the  roaster  and  allowed  to  cool  in  an  N2 atmosphere  until
room  temperature  was  reached.  Subsequent  grinding–mag-
netic  separation  experiments  were  conducted  to  separate
iron-bearing  minerals  from gangue  minerals  and  obtain  the
final  magnetic  concentrate.  The  experimental  equipment  is
shown  in Fig.  2.  A  rod  mill  (XMB70,  Wuhan  Exploration
Machinery  Co.,  Ltd.,  China)  and  a  Davis  magnetic  tube
(XCGS  type,  Wuhan  Exploration  Machinery  Co.,  Ltd.,
China)  were  used  for  the  grinding  and magnetic  separation
experiments, respectively. 

2.3. Material characterization methods

The mineral phases of the samples were characterized us-
ing an X¹Pert pro-MPD system XRD (D8 Advance, Bruker,
Germany)  at  a  scanning  speed  of  10°/min.  Their  magnetic
parameters  were  examined  using  a  VSM  (JDAW-2000D,
Yingpu Magnetoelectric, China), and their microscopic mor-
phologies  were  visualized  using  SEM–EDS  (Ultra  Plus,
Zeiss, Germany). Their pore parameters in a N2 atmosphere
were  studied  using  an  automatic  surface  area  and  porosity
analyzer (ASAP 2460, Micromeritics, American). The meth-
ods used to quantify the chemical composition of the ores are
shown in Table S1. 

2.4. Thermodynamic and kinetic analysis methods

The composition of limonite ore is complex, and the ap-
plication  of  thermodynamic  analysis  in  a  nonstandard  state

 

Table 1.    Chemical composition of the raw ore wt%

TFe FeO SiO2 MgO CaO Al2O3 Na K P S LOI
32.89 0.10 33.88 0.35 1.83 1.46 0.08 0.31 1.22 0.22 8.83
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∆rG⊖m ∆H⊖

would present significant challenges. This study assumes that
limonite ore occurs in the standard state so that a thermody-
namic study can be performed to provide guidance for prac-
tical  applications.  The software used included FactSage 8.1
and  HSC Chemistry  6.0  for  calculating  the  standard  Gibbs
free  energy  change  ( )  and  reaction  enthalpies  ( )
of each reaction of limonite in CO and N2 environments and
the  equilibrium composition  of  each  component  during  the
reaction.

In this study, the conversion degree (α) of the reaction was
determined by assaying the FeO grade of the products with
different  roasting  times,  and  the  reaction  rate  (ν)  was  ob-
tained by differentiating α with respect to time as shown in
Eqs. (1) and (2) [36]. The exact procedure for calculating α
was described in the supplementary text. The Arrhenius for-
mula  is  an  empirical  formula  used  to  describe  the  relation-
ship  between  the  rate  constant  of  a  chemical  reaction  and
temperature. It was employed in this experiment to describe
the  kinetic  process  and determine  the  kinetic  parameters  as
shown in Eqs. (3) and (4) [37]. The mechanism function of
the reaction can be obtained using the integral method in Eq.
(5), which gives a linear relationship between G(α) and time
(t) for certain roasting temperature conditions [11,38].

α =
m0−mt

m0−me
(1)

v =
dα
dt

(2)

dα
dt
= k (T ) f (α) (3)

k(T ) = Aexp
(
− Ea

RgT

)
(4)

G(α) =
w α

0

dα
f (α)
=

w t

0
k(T )dt = k(T )t (5)

where m0, mt,  and me are the initial mass of the sample, the
mass during the reaction, and the mass after the reaction, re-
spectively, g; k(T) is the kinetic rate constant, s−1; f(α) is the
differential form of the kinetic mechanism function in Table
S2; T is the roasting temperature, K; A is the preexponential
factor, s−1; Ea is the apparent activation energy, kJ·mol−1; Rg is
the molar gas constant, 8.341 J·mol−1·K−1; G(α) is the integ-

ral form of the kinetic mechanism function in Table S2. 

3. Results and discussion 

3.1. Thermodynamic analysis

Roasting  thermodynamics  is  primarily  based on the  first
and second laws of thermodynamics, which are used to de-
termine the feasibility, direction, and limitations of the reac-
tion to achieve control or create conditions that will steer the
reaction in the expected direction. Thermodynamic analysis
is a method that affects external conditions such as temperat-
ure,  reactor  concentration,  and pressure  in  the  reaction sys-
tem. The reducing gas used in this experiment is CO, and the
reactions  represented by Eqs.  (6)–(11)  mainly  occur  during
the magnetization roasting of limonite [18,39–40]:

2FeO(OH) = α-Fe2O3+H2O(g) (6)

α-Fe2O3 ·H2O = α-Fe2O3+H2O(g) (7)

3α-Fe2O3+CO(g) = 2Fe3O4+CO2(g) (8)

Fe3O4+CO(g) = 3FeO+CO2(g) (9)

Fe3O4+4CO(g) = 3Fe+4CO2(g) (10)

FeO+CO(g) = Fe+CO2(g) (11)

∆rG⊖m

∆rG⊖m

∆rG⊖m

∆rG⊖m

Fig.  3 shows  that  when  the  temperature  exceeds  373  K,
the  dehydration  reactions  of  goethite  and  hematite  exhibit

 < 0, indicating that these reactions can proceed spon-
taneously and are endothermic. The dehydration of goethite
and  hematite  provides  homogeneous  material α-Fe2O3 for
subsequent magnetic roasting. α-Fe2O3 is reduced by CO to
form Fe3O4,  with  <  0,  indicating  that  this  reaction  is
also  spontaneous  and  exothermic.  As  the  temperature  in-
creases,  continues to decrease, indicating the increas-
ing  tendency  of α-Fe2O3 to  be  reduced  by  CO to  magnetic
mineral Fe3O4. Under certain conditions, Fe3O4 may undergo
the reactions represented by Eqs. (9)–(11) and be further re-
duced by CO to produce FeO and Fe. When the temperature
gradually increases, the  for Eqs. (10) and (11) begins
to increase above 0, indicating that these reactions are likely
to  proceed  in  the  reverse  direction  with  the  increasing
temperature. 
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3.2. Microscopic  morphology  and  microstructure  evalu-
ation

SEM tests were conducted on the samples before and after
roasting  to  reveal  the  microscopic  morphology  of  limonite,
and the results are shown in Fig. 4. The embedding relation-
ship  of  the  raw ore  is  relatively  complicated,  with  limonite
mainly encapsulated within quartz and apatite particles. Fur-
ther  improving  the  liberation  degree  of  minerals  through
grinding  is  necessary  to  achieve  an  effective  separation  of
iron  ore  and  chalcopyrite  minerals. Fig.  4(b)  indicates  that
after roasting for 5 min at a temperature of 773 K, the limon-
ite particles exhibit a large number of cracks and pores and a
loose porous structure. The two main reasons for the genera-
tion of cracks and pores are as follows: the rapid absorption
of  microwaves  by  the  water  in  the  ore  and  the  inability  to

quickly  dry  the  water  content  in  the  particles  leads  to  the
formation  of  a  high-temperature  area  in  the  central  core  of
particles [34,41]. The vapor pressure causes the vapors to es-
cape from the particles, resulting in cracks and pores. In addi-
tion, the rapid heating of iron minerals and the slow heating
of  quartz  generate  thermal  stress  between  different  mineral
phases,  which  also  accelerates  the  production  of  cracks
[42–44]. These pores and cracks provide a pathway for CO to
deeply  penetrate  the  particles,  increasing  the  contact  area
between CO and ore [45]. This phenomenon accelerates the
mineral phase reconstruction of iron-bearing minerals within
the particles [46]. Furthermore, the pores and cracks effect-
ively  shorten  the  magnetization  roasting  time.  The  mi-
crowave  treatment  causes  the  formation  of  cracks  between
different  minerals,  which  subsequently  exposes  the  iron-
bearing minerals.
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Fig. 4.    SEM images of raw ore (a) and roasted products (b).
 

The pore structures of the limonite with different roasting
times were characterized by N2 isothermal adsorption and de-
sorption curves. The specific surface area, average pore dia-
meter distribution, and pore volume were analyzed by Brun-
auer–Emmett–Teller  (BET)  and  Barret–Joyner–Halenda
(BJH) method, and the results are shown in Fig. 5. The phys-
ical adsorption isotherms of the roasted limonite products are
classified  as  type  II,  which  indicates  an  unrestricted  mono-
layer to multilayer adsorption. The hysteresis loop belongs to

type H3, indicating that the pores of the roasted product have
cracks and a plate-like slit, wedge-shaped structure [47–48].
Saturation  adsorption  is  not  evident  in  the  areas  with  relat-
ively high pressure,  indicating that  the pore structure is  ex-
tremely irregular.

Fig. 5(a)–(e) is the N2 adsorption and desorption curves of
the limonite roasting products. When the roasting time is pro-
longed, the saturation adsorption amount and hysteresis ring
area of N2 increase. Therefore, roasting causes the minerals to
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Fig. 5.    N2 adsorption–desorption curves of limonite microwave-roasted for 1 min (a), 2 min (b), 3 min (c), 4 min (d), and 5 min (e);
(f) pore diameter distributions of limonite roasted for different times.

X.R. Zhu et al., Microwave fluidization magnetization roasting of limonite ores: Phase transformation ... 1523



produce pores and cracks, which are conducive to the spread
from the surface of the mineral to the inside and have a posit-
ive effect on magnetization roasting. As shown in Fig. 5(f),
the pore diameter of the limonite roasting products is mainly
in the range of 2–10 nm, and the pore type is mainly meso-
porous. At the early stage of roasting, a peak appears at 3–4
nm, which may be the pore produced due to the dehydration
of limonite.  With the increase in roasting time, a new peak
appears at 8–18 nm, and the roasting product begins to pro-
duce cracks. After roasting for 5 min, the peak at 3–4 nm ba-
sically  disappears,  and  the  peaks  at  8–18  nm  are  enlarged,
which  may  be  due  to  the  continuous  production  of  new
cracks merging with the original pore. These experiment res-
ults  are consistent  with the SEM. Table 2 illustrates that  as
the roasting time was prolonged from 1 to 5 min, the BET-
specific  surface  area  of  the  roasted  product  increases  from
18.643  to  29.542  m²·g−1,  the  average  pore  diameter  of  the
BJH slightly increases to 3.835 nm, and the total pore volume
remains at approximately 0.053 cm3·g−1.
  
Table 2.     Pore structure parameters of  limonite subjected to
microwave magnetization roasting for different times

Roasting
time / min

BET specific
surface area /
(m2·g−1)

Total pore
volume /
(cm3·g−1)

BJH average
pore diameter /
nm

1 18.643 0.052 3.434
2 20.271 0.054 3.836
3 21.239 0.056 3.840
4 25.639 0.054 3.823
5 29.542 0.053 3.835

  

3.3. Phase transition analysis

The phases of products at different roasting times were ex-
plored under the roasting temperature of 773 K to explore the
phase transformation of limonite, and the results are shown in
Fig. 6. The sample has a high quartz content, and the diffrac-
tion peaks in the entire roasting process are still strong, indic-
ating  that  the  quartz  has  not  changed.  After  roasting  for
1 min, the diffraction peaks of goethite essentially disappear,
and those of hematite slightly strengthen, indicating the de-
hydration transformation of goethite into hematite [44]. With
the extension of the roasting time, the intensity of the diffrac-
tion peaks of hematite continuously decreases,  new diffrac-
tion peaks of magnetite are generated, and the diffraction in-
tensity gradually increases [49]. The diffraction peak of hem-
atite  disappears  at  a  roasting  time  of  5  min,  indicating  that
hematite  has  completely  transformed  into  magnetite  during
the roasting. When the roasting time is extended to 6 min, the
diffraction peaks in the XRD pattern are not significantly dif-
ferent  from those of  the sample roasted for  5 min.  Further-
more, the absence of Fe diffraction peaks indicates that ex-
cessive  reduction  of  the  sample  did  not  occur  under  these
conditions. 

3.4. Kinetic analysis

Kinetics is a crucial methodology for elucidating the vari-
ables that affect the reaction rate [50]. This study determined

the characteristics of isothermal reduction kinetics by analyz-
ing the FeO content in the roasted products.

Fig.  7(a)  shows that  within  the  range of  the  experiment,
the α of  limonite  is  positively  correlated  with  the  roasting
temperature and roasting time; that is, increasing the roasting
temperature and time will enhance the α of limonite. Fig. 7(b)
illustrates  that  the ν of  limonite  changes  slowly  in  the  pre-
heating stage, probably because the sample temperature has
not  reached  the  preset  temperature.  After  preheating, ν in-
creases  sharply  and  then  gradually  decreases.  At  the  initial
stage of roasting, the limonite content in the system and the
opportunity  for  contact  between  CO and  limonite  are  high,
resulting in  rapid  magnetization roasting.  Over  time,  the  li-
monite  transforms  to  magnetite,  and  the  principal  reactant
changes from the surface-exposed limonite to the newly un-
covered limonite in the pores and cracks, leading to a gradual
decrease in ν. The kinetic analysis demonstrates that increas-
ing  the  roasting  temperature  is  conducive  to  enhancing ν,
thereby accelerating the magnetization roasting and shorten-
ing the roasting time. The ν of magnetite reaches 100% dur-
ing roasting at a temperature of 773 K for 5 min.

Fig.  7(c)  shows  the  results  of  fitting α with  the  integral
form  of  the  mechanism  function  of  each  reaction  kinetic
model. In combination with the characteristics of each model
and the properties of ores, this figure indicates that the reac-
tion kinetic model is the diffusion model (G(α) = α2) and the
average  value  of R2 reaches  0.945,  corresponding  to  the
mechanism  function  of G(α)  = α2.  Calculations  were  per-
formed by substituting α into G(α)  = α2,  and the calculated
values were linearly fitted to the reaction duration t to obtain
the reaction rate constant k under different  temperatures,  as
detailed in Table 3. 1/T and ln k were then substituted into Eq.
(4)  linear  fitting  to  obtain  the  regression  equation y =
−2446.97x − 2.5, and the R2 of this regression equation was
0.92612. The Ea, A, and k of the reaction are deduced to be
20.3441  kJ·mol−1,  0.08208  s−1,  and  0.08208exp[−20.3441/
(RgT)],  respectively.  The Ea of  limonite  subjected  to  mi-
crowave  fluidization  roasting  is  lower  than  the Ea (29.62
kJ·mol−1) of roasting limonite reported in the literature, indic-
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ating that microwave heating increases the rate of reduction
reaction [11].  In  addition,  the  reaction  with Ea above
40 kJ·mol−1 is controlled by chemical reactions, that with Ea

below 20 kJ·mol−1 is controlled by diffusion, and that with Ea

between 20 and 40 kJ·mol−1 is synergistically controlled by
chemical reactions and diffusion [51–53]. On the basis of this
theory, the fluidization magnetization roasting of limonite by
microwave heating is synergistically controlled by chemical
reaction and diffusion.
 
 

Table 3.    k and R2 of microwave fluidization roasting at vari-
ous temperatures

No. Roasting temperature / K k / s−1 R2

1 673 0.00213 0.88696
2 723 0.00271 0.96209
3 773 0.00389 0.98203
4 823 0.00391 0.95070

  

3.5. Magnetic property analysis

The main purpose of limonite magnetization roasting is to
transform  the  ferrimagnetic  minerals  hematite  and  goethite
into ferromagnetic mineral magnetite to create favorable con-
ditions for the subsequent magnetic separation. The products
roasted at varying temperatures were analyzed using a VSM
to  investigate  the  evolution  of  the  magnetic  properties  of
limonite  subjected to microwave roasting. Fig.  8 shows the
magnetization  and  specific  magnetization  coefficient  of  the

limonite microwave roasting products at different temperat-
ures.  The  magnetic  properties  of  the  roasted  products  in-
crease when the roasting temperature increases from 623 to
773 K. After roasting at 773 K, the saturation magnetization
of the roasted product increases from 0.95 A·m2·kg−1 for the
raw ore to 23.08 A·m2·kg−1, and the maximum specific mag-
netization  coefficient  increases  from  4.27  ×  10−5 to  2.50  ×
10−4 m3·kg−1.  When the temperature is 823 K, the magnetic
properties  of  the  roasted  product  decrease  slightly.  Com-
bined with thermodynamic analysis, this finding suggests the
partial reduction of magnetite to wüstite by CO. 

3.6. Microwave  fluidization  magnetization  roasting  and
magnetic separation

Magnetic field intensity is the primary external factor af-
fecting  the  final  magnetic  separation  indicators  of  ores.
Therefore, the roasted products obtained under a temperature
of 773 K and a roasting time of 5 min were used to study the
effect of the magnetic field intensity on the magnetic separa-
tion  of  iron ores.  Magnetic  field  intensity  condition  experi-
ments  were  conducted  under  the  condition  that −45  μm
particle size accounted for 75wt% of the ores, and the experi-
mental results are shown in Fig. 9. With the increase in mag-
netic  field  intensity,  the  iron  recovery  gradually  increases.
After  the  magnetic  field  intensity  reaches  120  kA·m−1,  the
iron recovery is stable at approximately 90wt%, and the iron
grade remains at 59wt%. Under the magnetic field intensity
of 120 kA·m−1, a magnetic concentrate with an iron grade of
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59.26wt% and iron recovery of 90.07wt% is obtained.
 

3.7. Discussion

Laboratory  magnetic  separation  experiments  confirmed
the  feasibility  of  using  microwave  fluidization  roasting  for
limonite  ores.  This  method  offers  several  advantages  over

traditional  roasting  technologies.  The  ability  to  absorb  mi-
crowaves  in  the  material  mainly  depends  on  the  material’s
dielectric  properties.  Among  the  main  minerals  in  this  iron
ore, the complex dielectric constant decreases in the order of
magnetite > hematite > quartz.  As a strong polar molecule,
water significantly influences the dielectric properties of iron
ore [54]. The microwave fluidization roasting of limonite has
three key benefits: (1) different microwave heating rates and
certain selective heating effects, (2) high water content of li-
monite ore, and (3) fluidization accelerating the mass trans-
fer  effect  and  facilitating  contact  between  the  ore  and  CO.
The  morphological  changes  and  mineral  phase  transforma-
tion during the microwave fluidization magnetization roast-
ing of limonite are shown in Fig. 10. During roasting, the wa-
ter with a high dielectric loss factor is the first to heat up and
escape  in  the  form  of  vapors,  leading  to  the  formation  of
pores on the limonite surface. At the same time, goethite is
transformed into hematite. The rapid heating of hematite and
the newly transformed magnetite  results  in  thermal  stresses
on the iron-bearing minerals  and quartz,  which further  pro-
duce cracks and accelerate the reduction roasting. Moreover,
microwave energy is clean and efficient, offering the benefit
of  nonpollution.  Microwave  heating  selectively  targets

 

0 100 200 300 400 500 600
0

5

10

15

20

25

Magnetic field intensity / (kA·m−1)

0 100 200 300 400 500 600

Magnetic field intensity / (kA·m−1)

623 K

673 K

723 K

773 K

823 K

M
ag

n
et

iz
at

io
n
 /

 (
A

·m
2
·k

g
−1

)
(a)

0

0.5

1.0

1.5

2.0

2.5 623 K

673 K

723 K

773 K

823 K

S
p
ec

if
ic

 m
ag

n
et

iz
at

io
n
 c

o
ef

fi
ci

en
t 

/ 
(1

0
−4

 m
3
·k

g
−1

)

(b)

Fig. 8.    Magnetization (a) and specific magnetization coefficient (b) of limonite products roasted at different temperatures.
 

40 60 80 100 120 140 160 180 200
0

20

40

60

80

100

Recovery

Grade of Fe

Magnetic field intensity / (kA·m−1)

R
ec

o
v
er

y
 /

 w
t%

30

35

40

45

50

55

60

65

70
 G

ra
d
e 

o
f 

F
e 

/ 
w

t%

Fig. 9.    Effect of magnetic field intensity on the magnetic sep-
aration  of  microwave  fluidization  magnetization  roasting
products of limonite ores.

 

Limonite with a compact surface
α-hematite with a substantial number

of pores on the surface

Magnetite with a substantial
number of cracks on the surface

Fig. 10.    Schematic of morphological changes and mineral phase transformation during the microwave fluidization magnetization
roasting of limonite.

1526 Int. J. Miner. Metall. Mater. , Vol. 32, No. 7, Jul. 2025



phases  with  high  dielectric  losses,  thus  enhancing  energy
utilization efficiency. At present, the high cost of microwave
heating  equipment  is  the  primary  barrier  to  the  widespread
adoption of microwave roasting technology [55]. 

4. Conclusions

In  this  work,  microwave  fluidization  roasting  was  em-
ployed to process refractory limonite. The microstructure and
mineral  phase transformations of  the  roasted products  were
analyzed, and isothermal kinetic studies were conducted. The
key findings are summarized below.

(1) The mineral  phase transformation path of limonite is
mainly FeO(OH) to α-Fe2O3 and finally to Fe3O4. The roas-
ted  product  achieved  a  saturation  magnetization  of  23.08
A·m2·kg−1 and  a  maximum  specific  magnetization  coeffi-
cient of 2.50 × 10−4 m3·kg−1.

(2) With the use of magnetic separation at a magnetic field
intensity of 120 kA·m−1, an iron concentrate with an Fe grade
of 59.26wt% and recovery of 90.07wt% was obtained after
roasting for 5 min at 773 K.

(3) The kinetic mechanism underlying the microwave-as-
sisted  fluidization  magnetization  roasting  of  limonite  fol-
lowed a diffusion model (G(α) = α2). The apparent activation
energy of the reaction was 20.3441 kJ·mol−1, and the preex-
ponential factor was 0.08208 s−1, indicating that the reaction
is synergistically controlled by chemical reaction and diffu-
sion. 
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