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Abstract: High-phosphorus iron ore resource is considered a refractory iron ore because of its high-phosphorus content and complex ore phase
structure. Therefore, the development of innovative technology to realize the efficient utilization of high-phosphorus iron ore resources is of
theoretical and practical significance. Thus, a method for phosphorus removal by gasification in the hydrogen-rich sintering process was pro-
posed. In this study, the reduction mechanism of phosphorus in hydrogen-rich sintering, as well as the reduction kinetics of apatite based on the
non-isothermal kinetic method, was investigated. Results showed that, by increasing the reduction time from 20 to 60 min, the dephosphoriza-
tion rate increased from 10.93% to 29.51%. With apatite reduction, the metal iron accumulates, and part of the reduced phosphorus gas is ab-
sorbed by the metal iron to form stable iron—phosphorus compounds, resulting in a significant reduction of the dephosphorization rate. Apatite
reduction is mainly concentrated in the sintering and burning zones, and the reduced phosphorus gas moves downward along with flue gas un-
der suction pressure and is condensed and adsorbed partly by the sintering bed when passing through the drying zone and over the wet zone. As
a result, the dephosphorization rate is considerably reduced. Based on the Ozawa formula of the iso-conversion rate, the activation energy of

apatite reduction is 80.42 kJ/mol. The mechanism function of apatite reduction is determined by a differential method (i.e., the Freeman—Car-

roll method) and an integral method (i.e., the Coats—Redfern method). The differential form of the equation is i) =2(1 — @)

ral form of the equation is G(a) =1 — (1 — )"~

"2 and the integ-

Keywords: hydrogen-rich sintering; dephosphorization; reduction mechanism; kinetics; thermogravimetry

1. Introduction

With the continuous expansion of the scale of China’s iron
and steel industry, iron ore consumption has been increasing
year by year; meanwhile, the high dependence on imported
iron ore and the fluctuating prices have seriously affected the
stable development of China’s iron and steel industry [1-3].
Therefore, focusing on the development and utilization of do-
mestic complex refractory iron ore and increasing the self-
sufficiency rate of iron ore have strategic significance for en-
suring the sustainable and stable development of the iron and
steel industry. China is rich in high-phosphate iron ore re-
sources; however, it has not been fully utilized because of its
low grade, high-phosphorus content, complex mineral struc-
ture, fine grain size, and close symbiotic relationship between
minerals [4-5].

The efficient utilization of high-phosphate iron ore has be-
come one of the main topics for researchers, and a large num-
ber of experiments have been conducted. At present, the main
methods used to treat high-phosphate iron ore include benefi-
ciation, reduction melting, chemical, and bioleaching meth-
ods. The main advantage of the beneficiation method is its
low cost; however, the dephosphorization efficiency is poor

B4 Corresponding author: Haibin Zuo ~ E-mail: zuohaibin@ustb.edu.cn

© University of Science and Technology Beijing 2022

when using a single beneficiation method. Although the
comprehensive beneficiation method can obtain relatively
higher dephosphorization efficiency, the high-energy con-
sumption and large-scale equipment make it impossible to
realize large-scale industrial popularization [6-8]. The de-
phosphorization rate of the reduction—melting method is
high; however, the high equipment requirements and costs
make it impossible to realize industrial production [9-10].
The chemical method is simple, and dephosphorization can
be achieved by immersing the high-phosphate iron ore in the
leaching solution, which has an obvious effect and low iron
loss. However, the use of a large number of chemical leach-
ing agents causes environmental pollution, and the low pro-
ductivity limits its popularization [11-13]. Bioleaching de-
phosphorization mainly depends on microbial metabolism to
produce acid to dissolve phosphorus minerals; however, the
metabolic acid reacts with the magnesium and calcium ions.
The mineral dissolution method has the advantages of low
cost and less environmental pollution; however, it is still in
the experimental research stage because of its long produc-
tion cycle [14-15]. In summary, conducting relevant basic
research on innovative dephosphorization technology to real-
ize the efficient development and utilization of high-phos-
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phorus iron ore is of theoretical and practical significance.

In recent years, in the face of global climate change, redu-
cing CO, emissions and implementing low-carbon produc-
tion have become urgent tasks for the iron and steel industry
[16-18]. Sintering production accounts for approximately
15% of the total carbon emissions from blast furnace (BF)
and basic oxygen furnace processes. To reduce carbon emis-
sions, JFE Steel Corporation has developed an innovative
sintering process aided by the injection of hydrogen-rich gas
fuel [19]. Hydrogen-rich sintering provides a strong reducing
atmosphere, prolongs the high-temperature section, and im-
proves the sintering porosity and sintering suction operation;
therefore, it is fit for the reduction and removal operations of
some specific elements, such as phosphorus removal from
the iron ore containing apatite [20-22]. The reduced phos-
phorus is volatilized into the flue gas and discharged, finally
realizing the gasification and removal of phosphorus via hy-
drogen-rich sintering. The dephosphorized sinter can be used
as the BF burden, and the phosphorus gas recovered from
flue gas can be used in many fields, such as the pesticide and
chemical industries [23-24]. Researchers have conducted nu-
merous experiments on phosphorus removal in the sintering
process of high-phosphorus iron ore. Zhang et al. [25] invest-
igated the effect of different process conditions on sintering
gasification dephosphorization through micro-sintering ex-
periments. Their results showed that the optimal dephosph-
orization rate was conducted with a 4wt% carbon mixing ra-
tio, 1.41wt% Si0,, and 1.36wt% CaCl,, as well as controlled
basicity of 1.2. The corresponding dephosphorization rate
was 18.30%. Zhang et al. [25] also conducted exploratory
experiments on mini pellet and microwave sintering dephos-
phorization processes. Their results showed that the mi-
crowave sintering dephosphorization process could achieve
the optimal dephosphorization rate when adding 5wt% car-
bon, 0.75wt% Si0O,, and 1.5wt% CaCl,, with controlled basi-
city of 1.4. The corresponding dephosphorization rate was
25.71%. The sintering atmosphere is the oxidizing atmo-
sphere macroscopically, and the reducing atmosphere exists
around the carbon particles. Hydrogen-rich sintering provides
a strong reducing atmosphere, prolongs the high-temperature
section, and improves the sintering porosity; therefore, it is fit
for phosphorus removal from the iron ore containing apatite.

This study aims to analyze the reduction behavior and the
reduction and gasification kinetics of apatite during hydro-
gen-rich sintering. In this experiment, pure substances were
used to simulate the chemical composition of high-phosphor-
us iron ore, which was roasted in a reduction furnace in the
form of tablet pressing. The phase transformation and distri-
bution of phosphorus under different reduction times were
analyzed by X-ray diffraction (XRD) and scanning electron
microscopy—energy-dispersive X-ray spectroscopy (SEM-—
EDS). The mechanism of reduction dephosphorization of
high-phosphorus iron ore during sintering was explored. The
non-isothermal reduction kinetics of apatite at different heat-
ing rates in a hydrogen-rich atmosphere was investigated by a
thermogravimetric analyzer. Moreover, the reaction mechan-

ism function was determined by the linear fitting of different
kinetic models.

2. Experimental
2.1. Reduction experiments

The experiment on hydrogen-rich sintering reduction of
high-phosphate iron ore was conducted in a programmed re-
duction furnace, as shown in Fig. 1(b). The experimental pro-
cess included mixing, tablet pressing, and reduction roasting.
In the experiment, an analytical reagent was used to simulate
the chemical composition of high-phosphate iron ore, and the
mass ratio of the experimental mixture is shown in Table 1.
The content of calcium phosphate was increased in the mix-
ture to observe the reduction process of apatite more clearly.
To reduce the influence of impurities, graphite was selected
instead of coke as the reducing agent. The thermodynamic
calculation results showed that the addition of Na,CO; could
promote apatite reduction; thus, 1wt% Na,CO; was added in
the experiment [26]. The 5 g mixture was pressed under a
constant pressure of 5 MPa to form a cylindrical sample with
a diameter of 20 mm. The cylindrical sample was dried at
105°C for 2 h. The preliminary experimental results showed
that, in the hydrogen-rich atmosphere, when the reduction
temperature is 1100°C, the dephosphorization rate reaches its
peak. Therefore, the pressed tablets were heated from room
temperature to 1100°C at a rate of 10°C/min in a reduction
furnace. Then, reduction experiments were conducted at in-
tervals of 10 min within 60 min. During the reduction pro-
cess, the flow rates of H, and N, were 2 and 5 L/min, respect-
ively. After the reduction experiments, the sample was
cooled to room temperature with the furnace under N, pro-
tection. The phosphorus content was determined by chemic-
al analysis. The phase composition was determined by XRD
(RIGAKU, D/Max 2500, Japan) with a Cu target, with a
scanning angle ranging from 10° to 90° and a step size of
0.02°. The microstructure and element distribution of the
sample were observed by SEM—EDS (Regulus8100, Japan).

The multipoint sampling before and after roasting was
used to detect the phosphorus content, and the dephosphoriz-
ation rate was calculated according to the following formula:

( P, xM,
n=|{1-
Py x M,

where 7 is the dephosphorization rate; P, and P, are the phos-
phorus contents in the tablet before and after reduction, re-
spectively; and M, and M, are the mass of the tablets before
and after reduction, respectively.

)x 100% (D

2.2. Thermogravimetric measurement and thermal ana-
lysis kinetics

The reduction kinetics of apatite was investigated using
temperature-programmed thermogravimetry. The experi-
mental device is shown in Fig. 1(c). To exclude the interfer-
ence affecting the reduction kinetics of apatite during hydro-
gen-rich sintering, iron oxides were removed from the exper-
imental process. The mass ratio of the experimental mixture
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Fig. 1. (a) Flow diagram of the reduction experiments; (b) schematic of the programmed reduction furnace; (c) schematic of the

thermogravimetric analysis system.

is shown in Table 2. Approximately 10 mg of the mixed
sample was placed in a cylindrical crucible and linearly
heated to a certain temperature (i.e., 1400°C). The heating
rate was controlled at 5, 10, and 15°C/min. The gas flow was

Table 1.
ment

Mass ratio of the mixture in the reduction experi-

Composition Content of raw ore / wt% Simulation mass ratio

Fe,04 57.40 58
CaO 5.10 5
SiO, 10.97 11
Ca3(POy), 7.53 11
MgO 1.97 2
AlLO; 1.00 1
C — 5
Na,CO; — 1
Table 2. Mass ratio of the mixture in the thermogravimetric

experiment

Composition Content of raw ore / wt% Simulation mass ratio

Fe,0; 57.40 0
CaO 5.10 5
SiO, 10.97 11

Ca3(POy), 7.53 11
MgO 1.97 2
AlLO; 1.00 1

C — 5
Na,CO; — 1

controlled by a mass flowmeter at 100 and 80 mL/min for ar-
gon and hydrogen, respectively.

3. Kinetic analysis of apatite reduction
3.1. Kinetic reaction equation

The apatite reduction reaction in the hydrogen-rich sinter-
ing process is a gas—solid reaction, and its reaction is shown
in Eq. (2):
aA(g) +bB(s) = gG(g) + 5s5(s) ()
where A(g) and G(g) are gaseous reactants and products, B(s)
and S(s) are solid reactants and products.

In the thermogravimetric experiment, the conversion rate
a is defined as the ratio of the mass loss at a certain time to
the theoretical maximum mass loss [27] and expressed as fol-
lows:

Wo-W,

= WoWo 3)
where W,, W,, and W, are the initial, instantaneous, and final
masses of the sample, respectively.

The basic kinetic equation that expresses the reduction
rate as a function of temperature is shown in Eq. (4) [28]:

d
5 = f@xk@) @

where da/dt is the reaction rate, f{e) is the reaction mechan-
ism function, and k (T") is the rate constant.

The relationship between rate constant 4(7) and reaction
temperature 7 follows the Arrhenius formula, as shown in

Eq. (5):
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k(T) = Aexp(—lf—;) (5)

where A4 is the pre-exponential factor, E, is the activation en-
ergy, and R is the universal gas constant.
The basic dynamic equation can be further obtained, as
shown in Eq. (6):
& = Aexp(-x )@ ©)
In the non-isothermal thermogravimetric experiment, the
reaction is conducted at a programmed heating rate, and the
heating rate 3 is expressed as Eq. (7). Eq. (6) is further trans-
formed into Eq. (8):

dTr
B=4 (7)
da A E,
== Eexp(—ﬁ)ﬂa) ®)

3.2. Thermal analysis Kinetics

certain conversion rate @, the temperature 7" corresponding to
different temperature increase rates 3 is obtained. According
to the principle of the least square method, Ig 3 is linearly re-
gressed to 1/7, and the activation energy E, can be further
calculated from the slope of the fitting line.

3.3. Solution of the reaction mechanism function

At present, the reaction mechanism function of the reduc-
tion and gasification kinetics of apatite in the hydrogen-rich
sintering process has not been reported; thus, the reaction
mechanism function needs to be preliminarily explored. Bag-
chi and Sen [30-31] proposed the combination of the differ-
ential and integral methods to treat the non-isothermal kinet-
ic data to confirm the reaction mechanism function. The
commonly used kinetic treatment methods (non-isothermal)
are the Freeman—Carroll method (differential method) and
the Coats—Redfern method (integration method), as shown in
Egs. (10) and (11):

The non-isothermal method was used to analyze the re- da/dt E,
duction and gasification kinetics of apatite during hydrogen- ln[ f(a) ] =InA- RT (10)
rich sintering. An integral method (i.e., Ozawa method) [29]
was employed to deal with the experimental data to obtain ln[G(a/)] =In AR _E, (11)
the activation energy, as shown in Eq. (9): r? BE. RT

AE, E,
lgf= 1g[ } ~2.315-0.4567 )

RG (@) RT
where G (@) is the integral form of the mechanism function

o d .
fla), defined as G (a) = L’]T(crx) . Under the condition of a

Through the linear fitting of different kinetic models, the
linear correlation coefficient (V) of each model was obtained,
by which the mechanism function was determined. Table 3
shows the integral and differential forms of the mathematical
models of the chemical reaction [18,32].

Table 3. Common mathematical models of the chemical reaction [18,32]

Model Symbol G(a) Aa) Mechanism
F1 —In(1 — @) -« First order
_ F1.5 2[(1-a) " -1] (1-a)” 1.5 order
Reaction-order models » )

F2 l-a)y -1 (1-a Second order
F3 12[1 —a) ' —1] (1-a) Third order
D1 o 1/Q2a) 1D Parabolic

Diffusion models D2 (1-a)n(l-a)+a —In(1-a)" 2D Valensi
D3 [1-1-a)"F L5(1-a)*[1-(1—-a)"T" 3D Jander
R1 a 1 Infinite slab

Phase-boundary-controlled models R2 1—(1-a)"”? 2(1 —a)"? Contracting cylinder

R3 1-(-a” 3(1 - )™ Contracting sphere
Al —In(1 — @) -« Aevrami—Erofeev, m =1

Nucleation models A2 [In(1 — a)]"? 2(1 — a)[-In(1 — @)]"? Aevrami-Erofeev, m = 1
A3 [~In(1 — )] 3(1 — )[-In(1 — )] Aevrami—Erofeev, m = 1

4. Results and discussion

4.1. Reduction process and conversion at different heat-
ing rates

Fig. 2 shows the mass loss curves of apatite reduction at
different heating rates (i.e., 5, 10, and 15°C/min). Notably,
the reduction mass loss law of apatite was the same at differ-
ent heating rates, and the thermogravimetric curve shifted
regularly to the high-temperature region with the increase in

the heating rate. The higher the heating rate was, the more
serious the temperature lag phenomenon and the higher the
measured value of the end temperature of mass loss. Accord-
ing to the shape of the curve, the reduction process could be
divided into the initial, intermediate, and final stages. In the
initial stage, the degree of reduction increased at a slow rate.
In the intermediate stage, the degree of reduction increased
rapidly. In the final stage, a deceleration trend occurred. With
the increase in the heating rate, the degree of reduction of the
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Fig. 2. Mass loss curves of apatite reduction at different heat-
ing rates.

same reduction stage decreased. With the decrease in the
heating rate, the reduction time and effective reaction in-
creased, which provided more chemically active sites for the
reaction of apatite with the reducing agent.

The evolution of the conversion curves with the temperat-
ure at different heating rates is shown in Fig. 3. Improving the
heating rate made the conversion curve shift to the high-tem-
perature region, which means that a higher heating rate could
only lead to a lower conversion at the same temperature. Not-
ably, the conversion rate increased slowly when the temper-
ature was lower than 1000°C. After the reaction was acceler-
ated, the mass loss increased, indicating that a large amount
of phosphorus was discharged continuously. The results
showed that the increase in the reduction temperature is be-
neficial to the reduction reaction. Theoretically, the higher
the reduction temperature is, the higher the dephosphoriza-
tion rate. However, a high reduction temperature improves
the kinetic conditions of phosphorus gas migrating to metal-
lic iron, and the trend of the mass loss curve slows down. Ac-
cording to the change of the mass loss curve at different tem-
peratures, the dephosphorization reaction mainly occurs in
the sintering and combustion zones at high temperatures.

1.0
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Fig. 3. Conversion curves of apatite reduction at different
heating rates.

4.2. Activation energy of the reaction and reaction mech-
anism

The reaction temperature of the same conversion at differ-
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ent heating rates is shown in Table 4. According to the prin-
ciple of the least square method, the scatter points were lin-
early fitted into a straight line, and the activation energy of
the reaction could be calculated according to the slope. Tak-
ing the conversion rate of 0.4 as an example, the conversion
results of corresponding data are shown in Table 5. Accord-
ing to the principle of the least square method, 1g § is linearly
regressed to 1/7, as shown in Fig. 4. The fitted slope of the
straight line was substituted into the expression 0.4567E,/R,
and the activation energy of the reaction at this conversion
rate was 107.84 kJ/mol. The activation energy of each con-
version rate is shown in Table 6. Based on the Ozawa for-
mula of the iso-conversion rate, the activation energy of
apatite reduction during hydrogen-rich sintering was 80.42
kJ/mol.

The commonly used kinetic mechanism functions
(Table 3) were selected to analyze the reduction data.

Table 4. Reaction temperature of the same conversion at dif-

ferent heating rates °C
B/ (°C-min ")
¢ 5 10 15
0.1 766.40 898.93 1029.38
0.2 988.09 1085.84 1167.50
0.3 1049.60 1153.28 1241.54
0.4 1103.78 1201.19 1274.02

Table 5. Values of 7' and Ig 8 when the conversion rate is 0.4

Heating rate / (107 K lg[B/

eCcmnhy ¢ T/K (°C-min )]
5 1103.78 1376.93 0.72625 0.70
10 1201.19 1474.34 0.67826 1.00
15 1274.02 1547.17 0.64634 1.17
12+ y=-5924x + 5.0062
Coefficient of determination: 72 = 0.996
_ 1.1F
£ 10t
SJ
Z 09}
s
=
0.8
0.7

0.64 066 068 070 072 074
/(100 K™

Fig. 4. Linear fitting results of 7' and Ig S.

Table 6. Activation energy of the reaction under different
conversion rates
. Activation energy / Average /
Conversion rate (kJ-mol ) (kJ-mol ')
0.1 44.43
0.2 87.35
82.42
0.3 90.07
0.4 107.84
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Through the linear fitting of different kinetic models, the ap-
parent activation energy (£,) and the correlation coefficient
(N) were calculated and compared to determine which model
would be a suitable match for the experimental data conver-
sion. As shown in Table 7, among the apparent activation en-
ergies of different reaction models calculated by the Free-
man—Carroll method, the apparent activation energies of
90.97, 101.59, and 68.83 kJ/mol were close to 82.42 kJ/mol.
The corresponding mechanism functions are R2, R3, and A2,
and the correlation coefficients are 0.99274, 0.99602, and
0.99728, respectively. Among the apparent activation ener-
gies of different reaction models calculated by the
Coats—Redfern method, the apparent activation energies of
83.99, 84.95, and 82.90 kJ/mol are close to 82.42 kJ/mol. The
corresponding mechanism functions are F1, R2, and A1, and
the correlation coefficients are 0.95427, 0.95629, and
0.95427, respectively. The results of the two calculation
methods intersect, and the most likely mechanism function is
R2, a contracting cylinder. The differential form of the equa-
tion is fla) = 2(1 — @)"?, and the integral form of the equation
isGa@)=1-(1-a)

Table 7. Kinetic parameters of different chemical reaction
models
Mechanism Freeman—Ca;ro/ll Coats—RedlZarr/l
symbol N kemol N mol
F1 0.99102 122.83 0.95427 83.99
F1.5 0.97488 154.70 0.94487 10.18
F2 0.95857 186.56 0.93159 120.56
F3 0.93279 250.29 0.93159 120.56
D1 0.96705 139.06 0.96322 136.80
D2 0.98550 167.13 0.96718 153.14
D3 0.98550 199.42 0.96723 172.54
R1 0.89865 59.11 0.95427 75.93
R2 0.99274 90.97 0.95629 84.95
R3 0.99602 101.59 0.95669 94.71
Al 0.99102 122.84 0.95427 82.90
A2 0.99728 68.83 0.91738 30.89
A3 0.99600 50.82 0.80143 12.89
20min a @
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Fig. 6.

4.3. Dephosphorization rate and phase transition during
roasting

In the reduction process, part of apatite is reduced and vo-
latilized in the form of gas, and the phosphorus content of the
sample before and after the reaction is determined to calcu-
late the dephosphorization rate. Fig. 5 shows the evolution of
the dephosphorization rate along with roasting time at
1100°C. The dephosphorization rate increased from 10.93%
to 29.51%, with the reduction time increasing from 20 to 60
min during hydrogen-rich sintering. According to the kinetic
principle, with the increase in the reduction time, the effect of
the limiting element on the apatite reduction reaction was re-
duced. Thus, the reaction was fully completed and the de-
phosphorization rate was improved. Prolonging the high-
temperature section of the hydrogen-rich sintering bed can
effectively improve the thermodynamic and kinetic condi-
tions of reduction dephosphorization, which is beneficial to
apatite reduction. However, the increase in the reduction time
will decrease the production efficiency.

The phase of the reduced sample was analyzed by XRD.
The results are shown in Fig. 6. Iron oxides were reduced to
metallic iron step by step in the order of Fe,O; — Fe;0, —
FeO — Fe. When the reduction time was 20 min, the diffrac-
tion peaks of Fe, Fe;O,, and FeO were detected, indicating
that iron oxide was not completely reduced at this time. The
intermediate product, i.c., solid-state FeO, reacted with SiO,

— [ N [9%)
w (=) () (=]
T T T T

Dephosphorization rate / %

—
S
T

20 30 40 50 60
Reduction time / min

Fig. 5. Effect of sintering time on the dephosphorization rate
of sinter.
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(a) Phase composition of the reduced samples from X-ray diffraction analysis and (b) partially enlarged view of the zone

with the peaks of E and M (A—Fe, B—Fe,SiO,, C—CaSiO;, D—Fe;0,, E—FeO, F—Na,CaSis0;,, H—NaAlSiO,, I —FeAlLO,4,

M—Fe3C, O—FezP, and V—Ca3(PO4)2).
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and Al,O; to form fayalite and spinel. Moreover, the formed
metallic iron underwent a carburization reaction to form
Fe;C. When the reduction time reached 30 min, the existence
of Fe,P was detected because of the migration of phosphorus
to metallic iron. With the increase in the reduction time, apat-
ite was reduced completely and the diffraction peak of apat-
ite disappeared at 40 min.

With the progress of the reaction, Na,CO; reacted with
Ca0, SiO,, and ALO; to form Na,CaSisO,, and NaAlSiO,
with low melting points. The increase in the liquid phase con-
tent of the system improved the fluidity, and the increase in
the contact area improved the mass transfer kinetic condi-
tions between carbon-containing, iron-oxide-containing, and
phosphorus-containing minerals, which accelerated the re-
duction of iron oxide and apatite. During the reduction pro-
cess, sodium carbonate decomposed into sodium oxide and
carbon dioxide, which promoted the gasification of carbon
and further boosted the reduction reaction. Moreover, alkali
metals could cause the lattice deformation of iron oxide, and
the lattice transformation became conducive to the formation
of porous iron, which promoted the diffusion capacity of
mass in the sintering bed [33].

4.4. Distribution characteristics of phosphorus in roast-
ing products

The mineral reaction process in the reduction process was
preliminarily explored by XRD detection. However, the
change process of apatite was not explained clearly and in
detail. Therefore, the SEM—EDS method was used to explain
the mineral evolution of high-phosphate iron ore and the pro-
cess of phosphorus migrating to the iron ore through the ana-
lysis of the microscopic mineral change law.

Fig. 7 shows the element distribution of the sample at the
reduction times of 20, 40, and 60 min, corresponding to (a),
(b), and (c), respectively. When the reduction time was 20
min, phosphorus and calcium exhibited an overlapping dis-
tribution, and phosphorus existed mainly in the form of apat-
ite, indicating that a small amount of apatite was reduced and
migrated to the iron phase. When the reduction time was 40
min, more phosphorus began to migrate to metallic iron and
presented a disordered microstructure. When the reduction
time was 60 min, the metal iron increased gradually and ac-
cumulated, and phosphorus in the metal iron was uniformly
distributed. The main reason was that iron oxide was mainly
reduced at the initial stage of reduction, and at that time, the
carbon content in iron was low. With the mineral reaction
process, the carburization of iron led to the increase in liquid
iron, providing the appropriate conditions for the migration
of phosphorus to metallic iron. With apatite reduction, the re-
duced phosphorus extended gradually from the edge to the
interior of the iron phase, resulting in the increase in the
phosphorus content in the iron phase.

4.5. Reduction mechanism of the hydrogen-rich sinter-
ing process of high-phosphate iron ore

The reduction mechanism of the hydrogen-rich sintering
process of high-phosphate iron ore is shown in Fig. 8. Under
the reducing atmospheres of carbon and hydrogen, iron ox-
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ide was reduced systematically. Then, the metal phase ag-
gregated and grew during the mineral reaction process. Fi-
nally, only the metal and slag phases with uniform texture ex-
isted in the sinter, and the boundary between them was obvi-
ous. The reduction equations are expressed as Eqgs. (12) to
(17).

3Fe, 05 + Hy = 2Fe; 04 + H, O,

AGS = —15547 - T4 AT (12)
Fe;0, + H, = 3Fe0+ H,0, A,GS = 71940-73.62T (13)
FeO+H, = Fe + H,0, A,G2 =23430—16.16T (14)
3Fe,0; + C = 2Fe;0, + CO,

AGS = 136893 -232.16T (15)
Fe;0, + C = 3Fe0 + CO, A,GS = 200066 —205.16T (16)
FeO+C =Fe+CO, A,GS = 149289 — 149.12T (17)

The reduction of FeO was the most difficult during the en-
tire process. The intermediate product FeO reacted with SiO,
and Al,O; in the ore to form iron olivine and spinel, which in-
hibited the combination of iron and phosphorus to a certain
extent. The reaction equations are expressed as Eqs. (18) and
(19). At the same time, Fe;C was formed because of the car-
burization reaction of metallic iron.

2Fe0 + Si0, = Fe,Si0,, AGS, = 4532 -25.35T (18)
FeO + Al, O3 = FeAl,O,, A,GS = -15676—-0.46T  (19)
3Fe +C = Fe;C, AGS, = 26694 —24.77T (20)

Under the reducing atmospheres of carbon and hydrogen,
apatite was reduced to P, gas with the progress of the reac-
tion, as shown in Egs. (22) to (27).

Na,CO; + AL, 05 +2Si0O, = 2NaAlSiO,4 + CO,,

AGS =1469.8 —177.18T 2n
Ca3(POy), + 5H, + 3Na,CO; + 15Si0, =

3Na,CaSisOy; + SH,0 + P, +3CO,,

AGS = -1093.7T +10° (22)
Ca;3(POy), + 5SH, + 6Na,CO; + 9Si0, =

3Na,CaSizOg + 5SH,O + P, + 6CO,,

AGS =-13579T + 1115177 (23)

C33 (PO4)2 +6C + 6S102 + N32C03 =
NaZCa3Si6016 + P2 +7CO,

AGE = 1353501 — 1384T (24)
Ca3 (PO4)2 +11C+ 98102 + 6N212CO3 =

3Na4Ca381309 +P, + 17CO,

A.GS =2331409 - 3127T (25)

Ca;z(POy), + 13C +9Si0; + 3Na,CO;
3Na2Ca251309 + 2P2 + 16CO,

AGS =2755910-2939T (26)
Ca3(PO4)2 +8C+ 158102 + 3N32C03 =

3Na,CaSisO, + P, + 11CO,

AGS = 1865723 -2321T 27)

The addition of SiO, and Na,CO; significantly decreased
the reduction temperature of apatite and sufficiently reduced
apatite [26]. The formation of a low-melting-point slag
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Fig. 7. Representative SEM-EDS analyses of samples with different reduction times: (a) 20 min; (b) 40 min; (c) 60 min.

phase, such as NaAlSiO,, increased the amount of the liquid
phase and promoted the kinetic conditions of mass transfer,
favoring the occurrence of the dephosphorization reaction
[34]. Moreover, alkali metals caused the lattice deformation
of iron oxide to produce porous iron, which accelerated the
diffusion of phosphorus gas [18].

The heat storage capacity of the sintering bed was en-
hanced in a hydrogen-rich atmosphere, and the extension of
the high-temperature zone was beneficial to the occurrence of
the apatite reduction reaction. The increase in the number of
sintering zones with pores larger than 5 mm improved the air
permeability of the sintering bed and was beneficial to the re-
moval of phosphorus gas. However, the reduction temperat-

ure of iron oxide was lower than that of apatite, and a large
amount of metallic iron was produced before apatite was re-
duced to P,. Therefore, P, gas was partially absorbed by
metallic iron to form iron—phosphorus compounds (Fe,P),
and the diffusion of phosphorus gas was the limiting link of
its volatilization process. Moreover, because Fe;C and Fe,P
were both hexagonal crystal systems and had similar lattice
constants, the reduced P, was prone to migrate to the Fe;C
lattice to form Fe,P. The carburization reaction continuously
increased the carbon content in the iron phase, further accel-
erating the migration of phosphorus to the iron phase, result-
ing in the decrease in the gasification dephosphorization rate
[35].
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4.6. Practical application design of dephosphorization in
the hydrogen-rich sintering reduction process

According to the traditional iron ore sintering principle,
the entire sintering bed can be divided into the sintering zone,
burning zone (700°C to the maximum temperature), preheat-
ing and drying zone (100 to 700°C), and over-wet zone (50 to
100°C) [36]. The schematic of the sintering bed distribution
is shown in Fig. 9. Because of the effect of exhaust suction
pressure, the sintering process proceeds from top to bottom.
Under suction pressure, phosphorus gas produced by reduc-
tion during sintering moves downward along with flue gas.
According to the previous experimental study, the dephosph-
orization rate first increased from 9.9% to 29.51% and then
decreased to 8.62% at the temperature range of 900 to
1200°C, and the maximum value was obtained at 1100°C.
The results of the dephosphorization rate at different reduc-
tion temperatures showed that the dephosphorization reac-
tion mainly occurred in the sintering and burning zones.

Sintering ore
Burning zone

Preheating zone

Drying zone

Over-wet zone

Fig.9. Schematic of sintering bed distribution.
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Na,CO, + ALO, + 28i0, =
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Fig. 8. Schematic of the reduction mechanism in the hydrogen-rich sintering process of high-phosphorus iron ore.

In the sintering and burning zones, the highest temperat-
ure is higher than 1300°C, and the sintering bed is subjected
to a reducing atmosphere when injecting hydrogen-rich gas
from the top, which can considerably reduce apatite. Then,
the reduced phosphorus gas moves downward along with
flue gas under suction pressure. In the preheating and drying
zone, heat exchange occurs rapidly, and the waste gas tem-
perature decreases from 1300 to 100°C. The boiling point of
phosphorus is 280.5°C, and it will be condensed and ad-
sorbed on the surface of the bed when passing through the
low-temperature bed. Thus, phosphorus gas cannot be re-
moved. In the over-wet zone, the waste gas from the upper
bed contains a large amount of water vapor, which is cooled
and recondensed when passing through the mixture, result-
ing in the over-wet phenomenon, which considerably re-
duces the permeability of the sintering bed and is incondu-
cive to the discharge of phosphorus-containing gas.

In summary, the reduction and migration paths of phos-
phorus in the sintering bed involve the reduction and volatil-
ization of apatite in the sintering and burning zones, and the
reduced phosphorus gas moves downward along with flue
gas under suction pressure. Part of the reduced phosphorus
will be condensed and adsorbed on the surface of the bed
when passing through the low-temperature bed, thus redu-
cing the gasification dephosphorization rate. As the burning
zone moves from the top to the bottom, phosphorus gas that
condenses on the low-temperature bed will be re-reduced, re-
volatilized, and recondensed until the sintering process com-
pletes and moves downward along with flue gas.

Fig. 10 shows the design diagram of the practical applica-
tion of phosphorus gasification and recovery in the hydrogen-
rich sintering process. The high-phosphate iron ore is first
mixed with appropriate amounts of coke, flux, and additives
and then evenly loaded into the trolley after mixing and pel-
letizing. During the sintering process, the mixture of hydro-
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Fig. 10. Schematic of phosphorus gasification and recovery in the hydrogen-rich sintering process of high-phosphorus iron ore.

gen, oxygen, and circulating flue gas is injected into the sin-
tering bed through a gas cover at a specific ratio. In the sin-
tering process, apatite is reduced with the downward move-
ment of the high-temperature bed, and the generated phos-
phorus gas is discharged with flue gas under the suction pres-
sure of sintering. The dust impurities in the mixed flue gas
are filtered by the duster, and phosphorus gas discharged with
flue gas is collected by the condensation heat exchanger.
Phosphorus gas is condensed into four-atom phosphorus mo-
lecules (2P,—P,) and gathered in the phosphorus collector,
and the product, i.e., yellow phosphorus, is obtained after
treatment. The mixed gas discharged from the condensing
heat exchanger contains H,, CO, and other reducing gases,
which are recycled to the gas hood after purification and used
as fuel.

5. Conclusions

(1) The experimental simulation proved that phosphorus
removal by gasification in the hydrogen-rich sintering pro-
cess was feasible, and the highest dephosphorization rate of
29.51% could be achieved. However, the selective reduction
problem between iron oxide and apatite was encountered,
and part of the reduced phosphorus gas was absorbed by iron,
which limited the further increase in the dephosphorization
rate.

(2) The reduction kinetics of apatite in the hydrogen-rich
sintering process was investigated using the thermogravi-
metric technique and non-isothermal kinetic method. The ac-
tivation energy of apatite reduction was 80.42 kJ/mol, and the
most likely mechanism function was R2, a contracting cylin-
der. The differential form of the equation was fla) =
2(1 — @), and the integral form of the equation was G(a) =
1-(1-a)

(3) Apatite reduction was mainly concentrated in the sin-
tering and burning zones, and phosphorus gas would be con-
densed and adsorbed on the surface of the bed when passing
through the over-wet zone, thus considerably reducing the
gasification removal rate.

(4) To improve the dephosphorization rate and prevent the

condensation of phosphorus gas, auxiliary heating equip-
ment can be added on both sides of the sintering machine.
Moreover, the method for segmented recovery is adopted,
and the negative pressure parameters are optimized to
ensure a more efficient phosphorus collection and flue gas
treatment.
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