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Abstract: The direct reduction-magnetic separation process based on coal is considered to be one of the
most important methods that can effectively utilize high-phosphorus oolitic hematite. In this study, the
mechanism of the effects of CaCO3; and Na>COs on the dephosphorization of high-phosphorus oolitic
hematite during the direct reduction process was investigated using X-ray diffraction (XRD), scanning
electron microscope (SEM) and energy dispersive spectrometer (EDS). The results showed that Na,COs
and CaCO; reacted with Al,O; and SiO; during the direct reduction process, inhibited the generation of
hercunite (FeAlbO;) and fayalite (FesSiOs), and promoted the reduction of metallic iron (Fe).
Furthermore, the reaction inhibited the reduction of apatite and prevented the generation of FeP».
NaxCOs could change the form of phosphorus in the gangue from Cas(POs)2 to NaxCay(PO4)2SiOs.
Increasing the dosages of NaxCOs and CaCOs in the dephosphorization agent and increasing the content
of NaxCO; in the dephosphorization agent were beneficial to the growth of metallic iron particles, and
increasing the dosage of Na,COs; CaCO; in the dephosphorization agent had more significant effects on
metallic iron particles than increasing the content of Na>COs in the dephosphorization agent. The
research conducted in this study is expected to provide a basis for the effective exploitation of complex
and refractory iron ores.
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1. Introduction

With the continuous consumption of easy-to-treat high-grade iron ores, the effective utilization of
refractory iron ores has gradually become a popular research topic (Anameric and Kawatra, 2007; Bao
et al., 2021; Pownceby et al., 2019; Roy et al., 2020; Sun et al., 2015). High-phosphorus oolitic hematite
(HPOH) is a typical complex and refractory iron ore with large reserves and widespread distribution
and has a special oolitic structure with fine grain distribution between iron minerals and gangue and a
high phosphorus content (P content) (Jin et al., 2021; Wu et al., 2023; Wu et al., 2022; Zhang and Luo,
2017). Numerous studies have been conducted on this challenging type of ore; however, it is difficult to
obtain an iron concentrate with a low P content using conventional methods (Nunes et al., 2012; Omran
et al., 2015; Sun et al., 2017; Tang et al., 2015; Xiao and Zhou, 2019). Such flotation can only obtain iron
ore concentrates with a P content of 0.14% (Chen et al., 2023), although acid or alkaline leaching showed
excellent dephosphorization, with leach products containing 0.1% phosphorus and more than 90%
dephosphorization; however, the leaching reagent is expensive and the leaching liquor is untreated,
causing environmental pollution (Delvasto et al., 2008; Pan et al., 2022; Shen et al., 2013; Wang et al,,
2017; Zhang et al., 2019).

Studies have demonstrated that the coal-based direct reduction-magnetic separation process
transforms the ore structure and allows the phosphorus content of the product to be reduced to less
than 0.1% while achieving a powdery reduced iron (PRI) product of good quality (Wu et al., 2023; Wu
et al,, 2021; Yu et al., 2014; Yu et al., 2015). Although this method has the advantages of high resource
utilization, simple processing, and simultaneous enhancement of iron and phosphorus reduction, the
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direct reduction process requires the addition of Ca- or Na-containing dephosphorization agents (Wu
etal., 2022; Wu et al., 2022). The calcium-containing dephosphorization agent represented by limestone
has the advantage of lower price, but it needs to add 30% of HPOH. Although the amount of NA-
containing dephosphorization agent represented by industrial production Na>COs is low, the price of
industrial production Na>xCOs3 is more than ten times that of limestone (Xu et al., 2023; Yu et al., 2016).
Hence, some scholars have proposed a combination of CaCO3; and Na>COs3 as a dephosphorization agent
to effectively reduce the dosage; however, the mechanism for the dosage of CaCO3; and Na>COs as a
dephosphorization agent has not yet been clarified (Wu et al., 2021; Wu et al., 2022; Wu et al., 2022).

In this study, based on the response surface method and Box-Behnken design (RSM-BBD)
experimental design methodology, we conducted research on compound dephosphorization agent
conditions. The mechanism of the combined dephosphorization agent containing Na,CO; and CaCOs3
was illustrated by X-ray diffraction (XRD) analysis and scanning electron microscope energy
spectroscopy (SEM-EDS). The research conducted in this study is expected to provide a basis for the
effective exploitation of complex and refractory iron ores.

2. Materials and methods
2.1. Materials

HPOP was sampled from Hubei Province, China, and the chemical multi-elemental analyses are
presented in Tab. 1. The sampled HOPH contained 44.38% of total iron and 0.92% of phosphorus, and
the content of gangue components exceeded 25%, indicating that HOPH cannot be used without sorting.
As shown in Fig. 1, HPOH is composed of hematite, quartz, apatite, and chlorite. Figs. 2(a) and (b) show
the typical oolitic structure of HPOP and the distribution of Fe, Ca, P, and Si in HPOP, respectively,
indicating that HOPH has a typical oolitic structure and a close Fe-P relationship.

Analytically pure CaCO; and Na;CO; were obtained from Sinopharm Chemical Reagent Co. Ltd.,
China, and used as additives.

Anthracite containing 81.46% fixed carbon, 11.28% ash content, and 6.88% volatile matter was the
reductant in this project.

Tab. 1. Chemical compositions of HPOH/Wt.%

Component TFe SiOz AlLOs MgO CaO S P MnO
HPOH 4438 1685 9.38 0.59 3.61 0.049 0.92 0.20
0 [ -Hematite
v-Quartz

. M o -Apatite

= «-Chlorite

o

L

> 0

‘B

c

a

k=

-

10

20/degree

Fig. 1. The mineral compositions of HPOP
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Fig. 2. Microscopic characteristics of HPOH: (a) SEM photograph; (b) distribution of Fe, Ca, P, and Si elemental
surface in (a)

2.2. Direct reduction and magnetic separation

A total of 40 g of HPOP was mixed with specific proportions of anthracite and the dephosphorization
agent. The mixture was then charged into clay crucibles with lids. The temperature of the muffle furnace
was increased to the target temperature of 1200 °C at a heating rate of 10 °C/min and the mixture was
placed into a furnace muffle to allow for reduction for 70 min. The crucibles were then removed from
the furnace and allowed to cool naturally to room temperature. The reduced products were then
subjected to stage grinding and magnetic separation. In the first stage, 75.43% of the particles were
ground to 74 pm. The magnetically separated and weakly magnetic titanium concentrates were
separated using a Davis magnetic tube with a magnetic field strength of 111.41 kA/m. Subsequently,
the magnetic concentrate was ground to 45 pm, accounting for 60.19%. The directly reduced iron and
gangue were separated using the same magnetic separation tube at a magnetic field intensity of 95.49
kA/m. The final magnetic product obtained was called the direct reduction iron. A detailed schematic
of direct reduction and magnetic separation is shown in Fig. 3.
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Fig. 3. Schematic diagram of the direct reduction and magnetic separation

2.3. Experimental design

Based on the RSM-BBD, this experiment was conducted to perform optimization research on compound
dephosphorization agent conditions. The experimental parameters and their values are listed in Tab.2.
Referring to the results reported in References (Wu et al., 2021; Yu et al., 2014; Xu et al., 2023; Li et al.,
2012; Li et al., 2012), the dosages of anthracite and the combined dephosphorization agent were both
10-20%, and the proportion of Na>COs in the combined dephosphorization agent was 10-40%. Based
on the experimental design of the RSM-BBD, we investigated the effect of the dosage of the compound
dephosphorization agent, the influence of the proportion of Na,CO3:CaCO; on the extraction of iron
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and the reduction of phosphorus by the combined dephosphorization agent. Furthermore, we examined
the effect of the reductant dosage on the extraction of iron and the reduction of phosphorus by the
combined dephosphorization agent.

Tab.2. RSM-BBD experimental factors and levels

Factors Unit -1 0 1

Dosage of the dephosphorization agent-x; wt% 10 15 20
Dosage of NaxCO;s in the dephosphorization agent-x2 wt% 10 25 40

Dosage of anthracite-x3 wt% 10 15 20

2.4. Characterization

The TFe grade and P content of the product were determined using the methods described in
GB/T6730.65-2009 and GB/T6730.18-2006, respectively. Mineralogical characteristics were examined
using XRD (RIGAKU, D/Max 2500, Japan). The microstructure and distribution behavior of iron and P
in the reduced products were observed using SEM-EDS (VEGA 3 XHU, Tescan, Czech Republic) to
reveal the elemental distribution in the roasted product. The amount of iron recovered from PRI was
calculated as follows:
£ = TP X 100% (1)

where ¢ is the iron recovered from PRI; m, and m; represent the masses of HPOP and PRI, respectively;
and fr. and f are the iron grades of HPOP and powdery reduction iron, respectively.

In this study, the TFe in the PRI was more than 90%, indicating that the NaCO; and CaCOs dosage
or ratio and anthracite dosage had a remarkably insignificant effect on TFe; hence, they are not discussed
here.

3. Results and discussion
3.1. Thermodynamic analysis

According to the metallurgical theory, the CO provided by coal is mainly generated by the Boudouard
reaction. This reaction provides an atmosphere for the reduction of iron oxides to metallic iron. In the
process of direct deep dephosphorization of HPOP, to avoid a high P content in the metallic iron, the
addition of a dephosphorization agent generally inhibits the reduction of P-containing gangue. In this
study, the important reactions possibly involved in the direct reduction reaction process of the
dephosphorizer were thermodynamically analyzed using the reaction module in FactSage 8.3 software,
and the results are shown in Fig. 4. NaxCO; and CaCOs are simplified as Na2O and CaO, respectively.

3FeO + ALO; + SiO, = FeALO, + FeSiO, )

2Fe;Si0; + FeAL, Oy + NayO + 5CO = 5Fe + 2NaAlSiO, + 5CO; 3)
FeSiOs + FeAL Oy + 2Ca0 + 3CO = 3Fe + Ca,ALLSiO; + 3CO, 4)

2Fe + 2Ca3(POy) + 10C + 3AL0; + 3510, = 3Ca,ALSIO; + 10CO + 2FeP, )
Na,O + ALOs + 25i0,= 2NaAlSiO, 6)

2Ca0 + ALOs + SO, = CarALSIO; 7)

NayO + CaO + 25i0; = Na,SiO; + CaSiO; ®)

Fig. 4 shows that Egs. (2)-(8) can react at a reduction temperature of 1200 °C. Without the addition
of Na2COs3 and CaCOs, Fe O reacts with AlLOs and SiO. (Eq. (2)) to form FeAlO, and FesSiO,,
respectively, whereas Fe reacts with Ca3(PO4)2 (Eq. (5)) to form FeP>. When NaxCO; and CaCOs were
added, the NaxCOs3 and CaCO3 decomposition products Na2O and CaO react with FeAl:O4 and FexSiO,4
to form Fe (Egs. (3) and (4)) and NaxO and CaO react with SiO, and ALOs (Egs. (6), (7) and (8)).



5 Physicochem. Probl. Miner. Process., 60(6), 2024, 195249

Therefore, Egs. (3) and (4) are more probable than Eqgs. (2); Egs. (6), (7), and 8 are more probable than
Eq. (5) at the reduction temperature of 1200 °C.
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Fig. 4. Thermodynamic results

3.2. Effect of the dosage of the dephosphorization agent
3.2.1. Effect of the dosage of the dephosphorization agent Index of PRI

The influence of the dosage of Na>xCOs and CaCOs on the index of PRI was studied under the conditions
of a reductant agent dosage of 15%, Na>CO;:CaCO; of 1:3, and dephosphorization dosages of 6.6%,
10.0%, 15.0%, 20.0%, and 23.4% of Fe recovery and P content in PRI, as shown in Fig. 5.
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Fig. 5. Effect of the dephosphorization agent dosage on PRI

Fig. 5 shows that the dosage of the dephosphorization agent has a significant effect on Fe recovery
and P content in PRIL. The dosage of the dephosphorization agent was increased from 6.6% to 20%, the
Fe recovery in PRI was significantly increased from 67.68% to 91.56%, and the P content was
considerably reduced from 0.171% to 0.115%. The dosage of the dephosphorization agent was increased
from 20% to 23.4%, Fe recovery was slightly increased from 91.56% to 93.45%, and the P content was
considerably reduced from 0.115% to 0.081%. This indicates that, when the anthracite dosage and
NaxC0O5:CaCO:s ratio are fixed, increasing the dosage of the dephosphorization agent is beneficial for
improving Fe recovery and reducing the P content in PRI.

3.2.2. Mineral transformation

To investigate the effect of the dephosphorization agent dosage on the mineral composition of direct
reduction products, the direct reduction products described above were analyzed using XRD, and the
results are shown in Fig. 6.



6 Physicochem. Probl. Miner. Process., 60(6), 2024, 195249

A-Fe A 0-Na,Ca,(PO,)SiO,
v-Fe, O ®-Ca,(PO,),
<«-FeAl,0, +-Ca,AlSi,0,
»-Fe,Sio, E *-NaAISiO, +
+ 4o +
* | i'"‘* v + v A ° v .

23.4%

20%,_ i L dlA

| |
15% 4o oot he i AL JP'
>
z

Intensity/counts

10% 4

o L] AL

m _L:JUL N W

L r L L L L

10 20 30 40 50 60 7030 32 34 36 38
26/degree

6.6%

Fig. 6. XRD pattern of direct reduction products

Fig. 6 shows the significant effect of the dephosphorization agent dosage on the composition and
content of iron minerals in the direct reduction products. At a dephosphorization agent dosage of 6.6%,
the iron minerals in reduction products were primarily metallic iron (Fe), wiistite (FexO), hercunite
(FeAlOs), and fayalite (Fe2SiOs). Furthermore, hercunite (FeAl>O4) and fayalite (Fe2SiO.) were observed
in the iron mineral owing to the occurrence of Eq. 2. When the dephosphorization agent dosage was
increased to 10%, the diffraction peak of fayalite (Fe2SiO,) in the reduction product disappeared. The
raw ore properties indicated that the content of SiO» was higher than that of Al>Os, indicating that the
dephosphorization agent preferentially reacted with SiO,. When the dephosphorization agent dosage
was increased to 20%, the diffraction peaks of hercunite (FeAlO,) disappeared, the content of wiistite
(FexO) gradually decreased, and the content of metallic iron (Fe) gradually increased with an increase
in the dephosphorization agent dosage. This indicates that an increase in the dephosphorization agent
dosage is beneficial for the occurrence of reactions in Eqs. 3 and 4 and inhibition of the reaction in Eq.
5. Fig. 5 shows that increasing the amount of the dephosphorization agent can inhibit hercunite
(FeAl:O4) and fayalite (FexSiOy), and this is beneficial for improving Fe recovery.

Fig. 6 shows that the dephosphorization agent dosage has a significant effect on the composition and
content of gangue in the direct reduction product. At a dephosphorization agent dosage of 6.6%, the
gangue was primarily composed of apatite (Cas3(POs)2) and gehlenite (CaxAlLSiO7). As the
dephosphorization agent dosage was increased, the content of apatite (Cas(POs)2) gradually decreased
and that of gehlenite (Ca2ALLSiO;) gradually increased. As the dephosphorization agent dosage was
increased to 15%, nepheline (NaAlSiO,) appeared in the reduction product. At a dephosphorization
agent dosage of 20%, the diffraction peaks of apatite (Ca3(POs)2) in the gangue disappeared, whereas
those of NaxCas(PO4):SiO; in the gangue appeared. FactSage 8.3 software in the FactPS and FToxid
databases does not include NaxCas(PO4):Si04; therefore, NaxCay(PO4)2Si04 was simplified to NaxSiOs +
Ca3(POy)2 + CaO, and Eq. 8 can be written as NacO + CaO +5iOx+ Caz(POs)2 = NaxCay(PO4)2SiOs,
indicating that Na>COs and CaCOs change the form of the phosphorus. Furthermore, the results showed
that an increase in the amount of the dephosphorization agent led to the occurrence of reactions in Egs.
6, 7, and 8 simultaneously.

3.2.3. Microstructure evolution

Because XRD only clarifies the mineral composition of the reduction products, the impact of
dephosphorization agent dosage on the microstructure of direct reduction products could not be
clarified. Therefore, SEM-EDS was used to analyze the direct reduction products described above, and
the results are shown in Fig. 7.

Fig. 7 shows that the dephosphorization agent dosage has a significant effect on the morphology of
metallic iron particles present in the direct reduction product. An increase in the dephosphorization
agent dosage from 6.6% to 23.4% resulted in significantly larger sizes of metallic iron particles,
indicating that an increase in the dosage of the dephosphorization agent was favorable to the growth of
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metallic iron particles. At a dephosphorization agent dosage of 6.6%, wiistite and hercunite were clearly
observed in reduction products; however, small amounts of iron mineral particles that were not reduced
to metallic iron were also observed, such as point 1. As the dephosphorization agent dosage was
increased to 20%, hercunite disappeared from the reduction product. This indicates that increasing the
dephosphorization agent dosage is beneficial in transforming iron minerals to metallic iron.
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Fig. 7. Microscopic characteristics of reduction products at varying dephosphorization agent dosages: (a) 6.6%;
(b) 10%; (c) 15%; (d) 20%; and (e) 23.4%. (f) Energy spectrum in (a)-(e)

Fig. 7 shows that the dephosphorization agent dosage has a significant effect on the form of
phosphorus present in the direct reduction products. At a dosage of 6.6%, the phosphorus-containing
gangue was mainly dominated by apatite, and, at a dosage of 10%, the phosphorus-containing gangue
was mainly dominated by apatite and point 2 minerals. Moreover, a small amount of point 2 minerals
also existed in iron mineral particles. As the dephosphorization agent dosage was increased to 20%, the
phosphorus-containing gangue was mainly dominated by point 2 and 3 minerals. Furthermore,
according to the composition and content of point 3 minerals, which were the products generated by
the reaction between Caz(PO4)2 NaxO, and SiO;, point 3 minerals were presumed to be
NaxCay(PO4):5i0s. At a dosage of 23.4%, the phosphorus-containing gangue, such as point 2,
disappeared from the reduction product and phosphorus-free gangue, such as point 4, appeared,
indicating the transformation of the form of phosphorus.

The combined results of Figs. 6 and 7 indicate that, with an increase in the dosage of the
dephosphorization agent, the decomposition products of the dephosphorization agent, that is, Na,O
and CaO, reacted with Al;O; and SiO» in HOPH, inhibited hercunite (FeAl.O,) and fayalite (FexSiOy),
and promoted the generation of metallic iron (Fe). Furthermore, the reaction in Eq. 5 was inhibited, and
the generation of FeP> was efficiently prevented. Therefore, phosphorus present in the gangue was
changed from Ca3(POy)2 to NaxCas(PO4)25i04, which changed the composition of the gangue while also
being beneficial for the growth of iron particles.

3.3. Effect of NaxCOs and CaCOj; ratio
3.3.1. PRI index
The influence of the Na>,CO;:CaCO; ratio on the PRI index was investigated. Under the conditions of
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Fig. 8. Effect of the NaxCO3 and CaCOs ratio on PRI

15% reductant dosage and 15% dephosphorization agent dosage, the Fe recovery and P content of PRI
with Na»CO3:CaCOs ratios of 1:9, 2:8, 1:3, 3:7, and 4:6 are shown in Fig. 8.

Fig. 8 shows that the Na,CO5:CaCO; ratio has a significant effect on the Fe recovery and P content in
PRI. At Na;CO3:CaCO5=1:9, Fe recovery was 84.67 % and the P content was 0.130%. With an increase in
the proportion of Na>COs in the dephosphorization agent, Fe recovery gradually increased and the P
content gradually reduced. At Na,CO;:CaCO5=4:6, Fe recovery was 90.71% and the P content was
0.096%. This means that, under the conditions of anthracite dosage and a fixed ratio of Na2CO;:CaCOs,
which increased the dosage of the dephosphorization agent, it is beneficial for increasing Fe recovery
and reducing the P content in PRI

3.3.2. Mineral transformation

To investigate the effect of the Na;CO;:CaCO;s ratio on the mineral composition of direct reduction
products, the abovementioned direct reduction products were analyzed by XRD, and the results are
shown in Fig. 9.

Fig. 9 shows that the Na>CO3:CaCOs ratio has a significant effect on the composition and content of
iron minerals in the direct reduction products. At Na,CO3:CaCO3=1:9, the iron minerals in the reduction
product were primarily metallic iron (Fe), wiistite (FexO), and hercunite (FeAl;O,), whereas the presence
of hercunite (FeAl:Oy4) in the reduction product was owing to the occurrence of the reaction in Eq. 2.
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Fig. 9. XRD patterns of direct reduction products

Furthermore, the absence of fayalite (Fe;SiO4) in the reduction product indicates the preferential
reaction of the dephosphorization agent with SiO. With a gradual increase in the Na,COs ratio and a
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gradual decrease in the CaCO:s ratio, the contents of wiistite (FexO) and hercunite (FeAl;O,) gradually
decreased and that of metallic iron (Fe) gradually increased. At Na;CO;:CaCO3=4:6, the diffraction
peaks of hercunite (FeAl,O4) disappeared, which was caused by a gradual decrease of the reaction in
Eq. 4 and the completion of the reaction in Eq. 3. Fig. 4 shows that the reaction in Eq. 3 requires a lower
Gibbs free energy. It also shows that the ability of Na>O to promote the conversion of hercunite
(FeAl;O4) to metallic iron (Fe) is better than that of CaO. Combined with Fig. 8, shows that the increase
in the NaO ratio is more beneficial for improving Fe recovery when the dosage of the
dephosphorization agent is fixed.

Fig. 9 shows that the Na,CO3:CaCOs ratio significantly affects the composition and content of gangue
in the direct reduction products. At Na>CO3:CaCO3=1:9, the gangue was primarily composed of apatite
(Ca3(POy)2) and gehlenite (Ca2ALSiOy), and the diffraction peaks of apatite (Cas(POy)2) and gehlenite
(Ca2ALSi0Oy;) gradually decreased with a gradual increase in the proportion of NaxCO; and a gradual
decrease in the proportion of CaCOs;. At NaxCO3:CaCO3=1:3, the diffraction peaks of sodium feldspar
(NaAlSiOy4) and NaxCay(PO4)2Si0O4 appeared in the reduction product. As the ratio of Na>COs gradually
increased and that of CaCOs gradually decreased, the contents of sodium feldspar (NaAlISiO4) and
Na>Cay(PO,4)2Si0Os in the reduction product increased. This was caused by a gradual decrease in CaO
and agradual increase in Na»O, which caused a gradual decrease of the reaction in Eq. 7 and a gradual
increase of the reaction in Eqs. 6 and 8, thereby inhibiting the progress of the reaction in Eq. 5.

3.3.3. Microstructure evolution

As XRD can only define the mineral composition in the reduction products, it cannot determine the
effect of the Na,CO3:CaCO; ratio on the microstructure of the direct reduction products. Therefore,
SEM-EDS was used to analyze the abovementioned direct reduction products, and the results are shown
in Fig. 10.

Fig. 10 shows that the NaxCOs3:CaCOs ratio has a significant effect on the morphology of metallic iron
particles present in the direct reduction products. When the Na,CO3:CaCOs ratio was increased from
1:9 to 4:6, the size of metallic iron particles significantly increased, indicating that an increase in the
Na>COs ratio is beneficial to the growth of metallic iron particles. At Na>CO5:CaCO3=1:9, the reduction
products were wiistite and hercunite, along with a small number of iron mineral particles in the
minerals that were not reduced to metallic iron, such as points 1 and 2. At Na,CO;:CaCO3=1:3, the size
of metallic iron particles in the reduction product significantly increased. At Na>COs3:CaCO3=4:6,
hercunite disappeared from the reduction product, indicating that increasing the content of Na,CO; in
the dephosphorization agent is beneficial to the transformation of iron minerals to metallic iron and also
to the growth of metallic iron particles.

Fig. 10 shows that Na>xCO;:CaCOs ratio has some effect on the form of phosphorus present in the
direct reduction products. For NaxCO5:CaCO3=1:3, the phosphorus-containing gangue was mainly
dominated by apatite and minerals such as point 2, and a small number of iron minerals was present in
point 2. At NaxCO3:CaCO3>1:3, the phosphorus-containing gangue was mainly dominated by minerals
such as apatite, points 2 and 3, whereas the composition and content of point 3 minerals indicated that
the products were mainly generated by the reaction between apatite, Na,O, and SiO».

The combined results of Figs. 9 and 10 indicate that Na»O reacts with Al;O3; and SiO; rather than
CaO, and Fig. 4 also shows that Na>O requires less energy to react with A1>Os and SiO; than with CaO.
A comparison between Figs. 5 and 8, and between Figs. 7 and 10 showed that increasing the
dephosphorization agent with a fixed Na>CO3:CaCOs ratio or increasing the content of Na>COs in the
dephosphorization agent with a fixed dephosphorization agent dosage had the same pattern of
influence on the Fe recovery and P content of PRI and metallic iron particles in the reduced product;
however, the former influence was more pronounced.

3.4. Effect of dephosphorization agent and reductant interaction on iron extraction and phosphorus
reduction

To further investigate the interaction between Na>COs; and CaCOs, under the conditions of
NaCO;:CaCO;=1:3, we investigated the effect of anthracite dephosphorization agent dosages on Fe
recovery and P content, respectively. Furthermore, under the condition of a dephosphorization agent
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Fig. 10. Microscopic characteristics of reduction products at varying Na,COs3 and CaCOjs ratio dosages: (a) 1:9; (b)
2:8; (c) 1:3; (d) 3:7; and (e) 4:6, (f) Energy spectrum in (a)-(e)

dosage of 15%, we investigated the effect of anthracite dosage and the ratio of Na,CO;:CaCOs on Fe
recovery and P content, respectively, and the results were shown in Fig. 11.

Figs. 11(a) and (c) show that increasing the dosage of the dephosphorization agent, Na>COs in the
dephosphorization agent, and reductant improved Fe recovery. Under the same dosage of the
reductant, increasing the dosage of the dephosphorization agent had a greater effect on Fe recovery
than increasing the dosage of Na>COs in the dephosphorization agent.

Figs. 11 (b) and (d) show that increasing the dosage of the dephosphorization agent and Na>COs in
the dephosphorization agent as well as reducing the dosage of anthracite gradually decreased the P
content. Under the same dosage of the reductant, increasing the content of Na»COs; in the
dephosphorization agent had a more significant effect on the P content than increasing the dosage of
the dephosphorization agent.

To further investigate the effect of reductant dosage on the PRI index, at a dephosphorization agent
dosage of 15% and Na>CO3:CaCO3=1:3, the effects of anthracite dosages of 6.6%, 10%, 15%, 20%, and
23.4% on Fe recovery and P content were studied, and the results shown in Fig. 12.

Fig. 12 shows that the anthracite dosage has a significant effect on the Fe recovery and P content of
PRI. At an anthracite dosage of 6.6%, Fe recovery was 33.65 % and the P content was 0.067 %.
Furthermore, at an anthracite dosage of 15%, Fe recovery increased to 87.51% and the P content
increased to 0.115 %. When the reductant dosage was increased from 15% to 23.4%, Fe recovery
increased to 93.81% and the P content increased to 0.26%. This is because, with an increase in the dosage
of anthracite, the reducing atmosphere is enhanced, which is favorable for the reduction of iron
minerals, consequently increasing Fe recovery. However, the enhancement of the reducing atmosphere
would also cause apatite to be reduced and form iron-phosphorus alloys with metallic iron.
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Based on the results shown in Figs. 11 and 12, we concluded that, at a reductant dosage of 15%,
Na»CO;:CaCO; = 3:7, and dephosphorization agent dosage of more than 18% excellent iron extraction

and phosphorus reduction can be achieved, with an Fe recovery of =90% and a P content of <0.10% in
PRI.
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Fig. 11. Effect of the interaction between dephosphorization agent and reductant on PRI: (a), (b) Effect of
anthracite and dephosphorization agent dosages on the Fe recovery and P content of PRI, respectively. (c), (d)
Effect of anthracite dosage and Na,COs3:CaCO;s ratio on the Fe recovery and P content of PRI, respectively
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Fig. 12. Effect of anthracite dosage on PRI

4. Conclusions

(1) Inthe process of direct reduction of HPOP, Na,CO; and CaCOjs reacted with AlOs and SiO,, which
inhibited the formation of hercunite (FeAl:O4) and fayalite (Fe2SiO4) and promoted the reduction
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of metallic iron (Fe). Furthermore, the reduction of apatite was inhibited, and the generation of
FeP> was prevented. The form of phosphorus in the gangue was changed from Ca3(PO4): to
NaxCay(PO4):5i0;; thus, iron extraction and phosphorus reduction were achieved.

(2) Under the condition of a certain dosage of the reductant, increasing the dosages of Na>xCOs and
CaCO; and increasing the content of Na,COs; in the dephosphorization agent was found to be
beneficial to the growth of metal iron particles and increasing the dosage of the dephosphorization
agent of NaxCOs and CaCO:s had a more significant effect on metal iron particles than increasing
the content of Na>COs in the dephosphorization agent.

(3) Increasing the dosage of NaxCO; and CaCO;, increasing the content of NaxCOs in the
dephosphorization agent, and increasing the dosage of anthracite increased the Fe recovery of PRI.
Increasing the dosage of the dephosphorization agent, increasing the content of Na,CO; in the
dephosphorization agent, and decreasing the dosage of anthracite gradually decreased the P
content of PRI

(4) Under the condition of the reductant dosage of 15%, Na>CO3:CaCOs 237, the dosage of the
dephosphorization agent of more than 18%, an Fe recovery of =90% and a P content of <0.10%
from PRI can be achieved.
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