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Abstract: A method to upgrade the iron grade in copper slag was proposed using lime to decompose Al2O3-containing 
fayalite melt (AFMT). Thermodynamic calculations indicated that adjusting the CaO/AFMT ratio can yield a residual 
melt with a FeO concentration of 75−88 wt.% and produce Ca2SiO4. In-situ observations suggested that the reaction 
was impeded in some way. Quenching experiments revealed that the initial reaction products consisted of calcium 
ferrite compounds and FeO−CaO melt. At the FeO−CaO melt/AFMT interface, Ca2SiO4 particles precipitated, forming 
a dense Ca2SiO4 film that significantly impeded mass transfer. Although trace amounts of Al2O3 in AFMT temporarily 
enhanced mass transfer, they were insufficient to overcome this retardation effect. The decomposition reaction was far 
from achieving equilibrium, demonstrating a self-retardation effect. Measures must be implemented to eliminate this 
self-retardation effect and enhance the efficiency of reaction kinetics. 
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1 Introduction 
 

As environmental concerns rise globally, 
several nations have established timelines for 
phasing out the sale of fossil fuel vehicles [1−3]. 
The shift toward electric vehicles represents an 
irreversible trend [4−6]. Copper, noted for its high 
electrical and thermal conductivity, along with   
its ductility, is becoming increasingly important   
in power conversion and transmission within the 
new energy sector, thereby increasing copper 
demand [7−9]. Model projections suggest that the 
global stock of copper in use will surge from 
380×106 t in 2015 to 880×106 t by 2050 [10]. A 
predominant by-product of copper smelting is 

copper slag, with production rates of 2.2 t of slag 
per ton of electrolytic copper [11,12]. Typically, the 
iron content of copper slag is about 40 wt.% [13]. It 
is estimated that around 80% of copper slag 
globally is discarded, which not only squanders 
limited metal iron resources but also severely 
impacts the ecological environment [14,15]. 
Therefore, enhancing the resource utilization 
efficiency of copper slag and promoting green, 
low-carbon development are imperative, with a 
strong emphasis on environmental protection.  

Copper slag is also referred to as fayalite  
slag [16,17], named after its primary constituents 
found within the fayalite (Fe2SiO4) phase field    
in the FeO−CaO−SiO2 diagram [18]. Besides 
fayalite, copper slag contains minor quantities of  
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gangue materials such as CaO and Al2O3 [19]. 
Although copper slag has been partially utilized in 
production of abrasive and cutting tools due to high 
hardness of fayalite [20,21], the volume employed 
in these applications remains minimal. The 
predominant approach to the copper slag management 
has been through pyrometallurgical methods, favored 
for their established technology and substantial 
processing capacity. The Fe concentration in copper 
slag [22] is considerably lower than that in the 
sintered ore or pellets (55−65 wt.%) [23,24]. 
Utilizing copper slag directly in blast furnaces or 
alternative metallurgical processes is inefficient due 
to the high SiO2 content, which necessitates 
additional flux and coke [25,26]. Therefore, 
enhancing the iron concentration in copper slag 
prior to its use in metallurgical processes is 
essential [27]. The decomposition of fayalite is 
central to this objective. 

Molten oxidation technology [28,29] has been 
employed to enrich iron resources from molten 
copper slag. Under rich oxygen conditions, Fe2SiO4 
melt can be oxidized, decomposing into Fe3O4 and 
SiO2 [30]. However, the continuous formation of 
Fe3O4 increases the viscosity, thus impeding oxygen 
transfer. To simplify operational complexity, it is 
advantageous to decompose the fayalite melt 
without oxidation, thereby enriching the iron 
content in the form of FeO. Ternary FeO−CaO− 
SiO2 phase diagram [31], widely used in pyro- 
metallurgy and mineral processing, supports this 
process. By adding CaO to the fayalite melt until 
the composition reaches the primary phase field of 
Ca2SiO4, Ca2SiO4 precipitates, thus increasing the 
FeO content of the residual melt. This approach, 
which uses lime to decompose the fayalite melt and 
increase the iron grade of copper slag, contrasts 
sharply with slag control methods in the hot metal 
dephosphorization process. Accordingly, studies  
on the formation of hot metal dephosphorization 
slag [32−36] can provide guidance to a certain 
extent. However, it is crucial to recognize that 
varying experimental conditions, characterization 
methods, and research focuses can lead to diverse 
results and potentially inconsistent conclusions. 
Additionally, the effects of Al2O3 are not   
uniform [37,38], necessitating further investigation 
into the mechanisms by which lime decomposes 
Al2O3-containing fayalite melt (AFMT) to inform 
future research. 

In this study, a high-temperature confocal 
scanning laser microscope (CSLM) was utilized to 
observe the in-situ reaction of solid CaO 
decomposing AFMT. Experimental designs aimed 
at understanding the reaction mechanism revealed 
that the formation of a compact Ca2SiO4 film 
significantly hinders mass transfer, effectively 
terminating the reaction. This led to the proposal of 
a self-retardation mechanism for the reaction of 
CaO decomposing AFMT. 
 
2 Experimental 
 
2.1 Chemical reagents 

Iron powder, Fe3O4, SiO2, and Al2O3 used   
in this study had a purity of 99.9 wt.% and were 
purchased from Shanghai Aladdin Chemical 
Reagent Co., Ltd., China. Argon gas, with a purity 
of 99.999 vol.%, was supplied by Hunan Chitai 
Gases Co., Ltd., China. 
 
2.2 Experimental procedure 

The experimental procedure involved the 
preparation of Al2O3-containing fayalite, in-situ 
observation of lime decomposing AFMT, and lime 
decomposing AFMT, as illustrated in Fig. 1. 

(1) Preparation of materials 
A total of 98 g of iron powder, Fe3O4, and SiO2 

were weighed in a molar ratio of 1꞉1꞉2 and mixed 
with 2 g of Al2O3. This mixture was placed in an 
iron crucible and introduced into a muffle furnace 
supplied with argon at a flow rate of 300 mL/min. 
The furnace temperature was programmed to reach 
1300 °C and maintained for 6 h. Afterward, the 
synthesized material was quenched in an ice-water 
bath, dried at 105 °C for 1 h, and ground for 2 min 
using a vibrator. The resulting X-ray diffraction 
pattern is presented in Fig. 2. Solid CaO, with a 
density of 3.28 g/cm3, was synthesized following 
the method described in Ref. [36]. 

(2) In-situ observation of lime decomposing 
AFMT 

The experimental setup, including the CSLM 
model SVF17SP-VL2000DX (Japan), and the 
temperature control profile are depicted in Fig. 1(a). 
Detailed descriptions of the CSLM are provided in 
previous studies [39,40]. A 20 mg particle of CaO 
was placed atop 30 mg of Al2O3-containing fayalite 
powder in a platinum crucible. Following the 
temperature control profile shown in Fig. 1(b), the  
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Fig. 1 Schematic diagrams showing in-situ observation of lime decomposing AFMT (a) and experimental procedure of 
lime decomposing AFMT (b) 
 

 

Fig. 2 XRD pattern of quenched AFMT 
 
sample was heated to 1300 °C and maintained for  
1, 2, and 3 min. Images were captured at the solid 
CaO/AFMT interface, denoted by markers ①, ②, 
and ③. 

(3) Lime decomposing AFMT 
A 30 mL iron crucible containing 15 g of 

Al2O3-containing fayalite powder was positioned  
in a muffle furnace, as shown in Fig. 1(b). A 
height-adjustable alumina tube was inserted into  
the muffle furnace, with its bottom bonded with a 

cylindrical CaO, positioned 10 mm above the iron 
crucible. Argon was introduced into the muffle 
furnace at a flow rate of 600 mL/min. The 
temperature was set to 1220 °C and maintained for 
20 min. The alumina tube was lowered and quickly 
withdrawn once the cylindrical CaO was immersed 
in the melt; then, it was quenched with a total 
process time of 1 s (which was considered the 
reaction time). For subsequent trials, the tube was 
retracted to the initial position and held for 0, 9, and 
29 s before quenching. These trials, conducted at 
1300 °C, had corresponding reaction time of 1, 10, 
and 30 s. 
 
2.3 Characterization methods 

The synthesized sample was analyzed using  
an X-ray powder diffractometer (PANalytical 
Empyrean−2). The interfaces of the quenched 
samples were examined with electron probe   
X-ray microanalysis (EPMA, JEOL JXA−8530F). 
The pseudo-ternary phase diagram for the 
FeO−CaO−SiO2 system containing 2.0 wt.% Al2O3 
system was obtained using the thermochemical 
software FactSage (Version 8.2) [41], utilizing the 
oxide database. 
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3 Thermodynamic analysis 
 

The equilibrium composition of the chemical 
system was assessed through thermodynamic 
calculations. Figure 3 presents the pseudo-ternary 
phase diagram for the FeO−CaO−SiO2 system, 
incorporating Al2O3, at 1300 °C. The diagram 
includes Al2O3 concentrations of 0−2 wt.%, which 
corresponds to 0−3.8 wt.% Al2O3 within the AFMT. 
This range encompasses the typical Al2O3 levels 
found in most copper slags. By adjusting the 
composition to remain within the Ca2SiO4 primary 
phase field, the equilibrium products are solid 
Ca2SiO4 and a residual melt that adheres to the 
liquidus curve. In the shadowed region of the 
diagram, the FeO concentration in the residual melt 
spans 75−88 wt.%, which corresponds to an iron 
concentration of 58.3−68.4 wt.%. This residual melt 
has a higher concentration of the alkaline gangue 
component CaO compared to the acidic gangue 
components SiO2 and Al2O3. Although traces of 
Al2O3 may marginally decrease the concentration of 
iron oxide, they do not significantly impair the 
melt’s potential as a valuable iron-rich resource. 
 

 
Fig. 3 Phase diagram of pseudo-ternary FeO−CaO−SiO2 
system under conditions of Al2O3/(SiO2+FeO+CaO+ 
Al2O3) mass ratios of 0 and 0.02, 1300 °C, and 
1.013×105 Pa  
 
4 Results and discussion 
 
4.1 In-situ observation 

Figures 4(a−c) show the in-situ observation  
of the solid CaO/AFMT reaction interface held   
at 1300 °C for durations of 1, 2, and 3 min, 
respectively. The interface consists of coexisting 

solid and molten phases. Notably, the interface 
appears largely unchanged from 1 to 3 min, with the 
formation of only small solid particles in an isolated 
area to the right of the interface. During this period, 
the chemical interaction between solid CaO and 
AFMT appears to reach a near standstill. 
 

 
Fig. 4 CSLM images of reaction interface at 1300 °C for 
1 min (a), 2 min (b), and 3 min (c) 
 

The composition of reactants for these 
observations was maintained within the Ca2SiO4 
primary phase field of the FeO−CaO−SiO2 phase 
diagram. Based on thermodynamic principles, the 
interface should have continued to evolve until the 
system transformed into a mixture of melt and solid 
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particles. 
Considering the residual melt saturated with 

FeO and assuming that AFMT is devoid of Al2O3, 
the reaction equation for lime decomposing AFMT 
can be expressed as 
 
Fe2SiO4(l)+2CaO(s)=Ca2SiO4(s)+2FeO 
 

The equilibrium constant for this reaction    
at 1300 °C, as calculated using FactSage 8.2, is 
1.37×104. 

This discrepancy between the observed 
stagnation of the reaction interface and the 
substantial equilibrium constant suggests a need for 
a new perspective to comprehensively understand 
and elucidate the reaction mechanism. 
 
4.2 CaO decomposing AFMT 
4.2.1 Phase assemblages 

EPMA measurement was conducted on the 
cross-sections of the polished samples, as depicted 
in Fig. 5. Specific measurement points were 
selected to quantify the chemical composition and 
identify the phases; the results are presented in 
Table 1. Spots 1 and 2 in Fig. 5(a) correspond    
to wustite and residues precipitated from AFMT 
during quenching, respectively. Typically, the 
formation of dendritic wustite results from 

nonuniform heat transfer during quenching and 
compositional segregation during the solidification 
of AFMT (Spot 3). Additionally, other phases such 
as calcium ferrite compounds, FeO−CaO melt, 
Ca2SiO4, and Ca3SiO5 are observed in the back- 
scattered EPMA images and will be discussed in 
detail later. 
4.2.2 Effect of temperature 

At 1220 °C, observations at the reaction 
interface revealed the presence of calcium ferrite 
compounds and FeO−CaO melt. At 1300 °C with a 
reaction time of 1 s, a product layer composed of 
Ca2SiO4 particles was also detected. 

The initial reaction products of CaO 
decomposing AFMT included calcium ferrite 
compounds and FeO−CaO melt, as identified in 
Fig. 5(a) and corroborated by the data in Table 1.   
The cylindrical CaO and adhering AFMT were 
relatively stationary, and the chemical reactions 
occurred via ionic diffusion [42]. Specifically, Ca2+ 
from cylindrical CaO and Fe2+ from AFMT 
underwent diffusion. The SiO4

4−, which dissolved 
Al2O3, diffused in the same direction as Fe2+. 
Consequently, Ca concentrations decreased from 
the cylindrical CaO to the AFMT, while Fe     
and Si concentrations showed the opposite trend,  
as illustrated in Fig. 6. SiO4

4−, having a larger ionic 
 

 
Fig. 5 Backscattered images of quenched samples at 1220 °C for 1 s (a), and at 1300 °C for 1 s (b), 10 s (c) and     
30 s (d) 
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Table 1 Phase assemblages of reaction interfaces 

Spot in 
Fig. 5 

Content/wt.%  Content/at.% 
Phase 

Ca Si Fe Al  Ca Si Fe Al 

a1 0.18 0.71 64.81 1.64  0.15 0.85 38.93 2.04 Wustite 

a2 7.02 15.04 37.99 1.52  4.92 15.03 19.1 1.58 Residues 

a3 12.23 11.27 38.6 1.3  8.78 11.54 19.89 1.38 AFMT 

a4 4.78 1.1 59.24 0.4  3.83 1.25 34.03 0.47 FeO−CaO melt 

a5 33.35 1.38 39.75 0.47  33.18 1.96 28.38 0.7 Calcium ferrite 

b1 43.88 15.22 3.14 0.03  29.5 14.62 1.51 0.03 Ca2SiO4 

b2 42.48 15.68 3.28 0.03  28.42 14.97 1.58 0.03 Ca2SiO4 

b3 13.57 0.03 54.93 0.05  12.05 0.04 35.02 0.07 FeO−CaO melt 

b4 28.82 1.14 37.86 0.4  23.29 1.31 21.96 0.48 Calcium ferrite 

c1 46.81 16.04 1.31 0.02  28.53 13.95 0.57 0.02 Ca2SiO4 

c2 46.68 15.99 1.28 0.03  28.57 13.96 0.56 0.03 Ca2SiO4 

c3 30.8 0.77 36.07 0.78  22.68 0.81 19.06 0.85 Calcium ferrite 

c4 7.52 0.01 63.27 0.02  6.86 0.01 41.4 0.03 FeO−CaO melt 

d1 44.28 15.86 2.48 0.07  30.09 15.38 1.21 0.07 Ca2SiO4 

d2 30.15 0.96 36.95 0.41  23.95 1.09 21.06 0.49 Calcium ferrite 

d3 12.26 0.02 56.63 0  11.68 0.03 38.69 0 FeO−CaO melt 

d4 46.88 10.26 3.9 0.06  32.46 10.13 1.94 0.06 Ca3SiO5 

d5 46.67 10.53 3.76 0.06  32.38 10.44 1.86 0.06 Ca3SiO5 

d6 44.53 15.57 2.48 0.07  30.22 15.09 1.2 0.07 Ca2SiO4 

d7 44.28 15.69 2.5 0.07  30.17 15.28 1.21 0.07 Ca2SiO4 
Spots designated by the letter prefixes a, b, c, and d correspond to Figs. 5(a), (b), (c), and (d), respectively 
 
size, diffused more slowly compared to Ca2+    
and Fe2+ [43,44], and its minimal diffusion 
concentration had no significant impact on the 
chemical reaction dynamics. Initially, the reaction 
primarily involved Ca2+ and Fe2+, leading to the 
formation of calcium ferrite compounds and 
FeO−CaO melt. The calcium ferrite compounds 
were situated to the right of the cylindrical CaO, 
whereas the FeO−CaO melt was located to the left 
of the AFMT. 

Increasing the temperature to 1300 °C and 
maintaining the reaction time at 1 s resulted in the 
formation of a Ca2SiO4 product layer at the 
FeO−CaO melt/AFMT interface, as shown in  
Fig. 7. This temperature rise enhanced the diffusion 
of SiO4

4−. When the concentrations of SiO4
4− and 

Ca2+ exceeded the solubility product of Ca2SiO4, 
precipitation occurred at the interface. The 
SiO2−CaO system contains four compounds: 
CaSiO3, Ca3Si2O7, Ca2SiO4, and Ca3SiO5. Although 

the molar amount of CaO in the cylindrical CaO 
exceeded that of SiO2 in the AFMT by more than 
threefold, the primary reaction product was Ca2SiO4, 
rather than Ca3SiO5. Such phenomena are also 
observed in industrial processes such as iron ore 
sintering, where the initial product with a  
CaO/SiO2 molar ratio of approximately 1 is Ca2SiO4 

rather than CaSiO3. This can be attributed to the 
nonequilibrium nature of the decomposing reaction. 
Initially, the reaction is far from equilibrium, and 
the most stable compound, Ca2SiO4, precipitates  
as the primary product. At this juncture, at      
the FeO−CaO melt/AFMT interface, Ca2SiO4 
precipitates abundantly, forming a Ca2SiO4 product 
layer. The increase in temperature facilitates mass 
transfer, thereby promoting the formation of the 
Ca2SiO4 product layer. 

It is well-established that ion diffusion rates 
are significantly slower in the solid phase than    
in the melt. Therefore, further investigation of the 



Hui-chuan REN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3707−3720 3713 

 

 
Fig. 6 Elemental distribution mappings at 1220 °C for 1 s: (a) Fe; (b) Ca; (c) Si; (d) O 
 

 
Fig. 7 Elemental distribution mappings at 1300 °C for 1 s: (a) Fe; (b) Ca; (c) Si; (d) O 
 
potential impact of the Ca2SiO4 product layer, 
which spans between the CaO and the AFMT, on 
the chemical decomposition process is warranted. 
4.2.3 Effect of time 

Figures 5(b−d) illustrate the interfaces at 
1300 °C for various reaction time, with the 
corresponding mapping images shown in Figs. 7−9. 
The Ca2SiO4 product layer visibly migrated to the 
right, incorporating several Ca2SiO4 particles within 
the coexistence zone of calcium ferrite compounds 

and FeO−CaO melt. By a reaction time of 30 s, 
these entrapped Ca2SiO4 particles were replaced by 
Ca3SiO5, and a small amount of Ca2SiO4 particles 
precipitated within the AFMT. 

The formation of the Ca2SiO4 product layer 
significantly hindered the diffusion of Ca2+, Fe2+, 
and SiO4

4−. The diffusion rates of Ca2+ and Fe2+ 
through the Ca2SiO4 layer were slowed down. SiO4

4− 
was more severely affected, accumulating primarily 
to the right of the Ca2SiO4 layer and reacting with 
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diffused Ca2+, leading to further precipitation of 
Ca2SiO4. On the opposite side of the Ca2SiO4 layer, 
the diffused Fe2+ initiated the dissolution of Ca2SiO4 
and integrated into the coexistence zone of calcium 
ferrite compounds and FeO−CaO melt. Ca2SiO4 
particles without being fully solubilized by Fe2+ 
were subsequently trapped within this zone. Over 
time, this cycle of formation and dissolution caused 
the Ca2SiO4 layer to shift noticeably to the right. 
Moreover, the thickness of the Ca2SiO4 layer 
depended on the different rates of its formation and 

dissolution. 
As the reaction advanced, the Ca2SiO4 layer 

thickened and compacted, as depicted in Fig. 5(d). 
The diffusion rates of Ca2+ and Fe2+ through this 
layer were considerably reduced. SiO4

4− failed to 
penetrate the Ca2SiO4 layer and was confined to 
homogenizing motion within the AFMT, as 
illustrated in Fig. 9(c). Only a limited amount    
of Ca2+ could diffuse through the Ca2SiO4     
layer to interact with SiO4

4− in the AFMT, severely 
restricting the precipitation of new Ca2SiO4 particles. 

 

 
Fig. 8 Elemental distribution mappings at 1300 °C for 10 s: (a) Fe; (b) Ca; (c) Si; (d) O 
 

 

Fig. 9 Elemental distribution mappings at 1300 °C for 30 s: (a) Fe; (b) Ca; (c) Si; (d) O 
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Consequently, only a few Ca2SiO4 particles were 
observed in the bulk phase of the AFMT, with the 
residual FeO-enriched melt dispersed around them. 
To the left of the Ca2SiO4 layer, excessive Ca2+ 
within the coexistence zone initiated the conversion 
of entrapped Ca2SiO4 particles into Ca3SiO5. 

In this study, the quantity of solid CaO 
exceeded three times that of the AFMT adhering to 
its surface. Thus, the chemical reaction involving 
CaO decomposing AFMT continued until all 
Ca2SiO4 was converted to Ca3SiO5. 
4.2.4 Effect of Al2O3 

Although Al2O3 was not directly involved in 
the formation of the main phases, as indicated in 
Table 1, its behavior warrants discussion. Figure 10 
illustrates the distribution of Al at each reaction 
interface. Before the Ca2SiO4 product layer formed, 
the distribution of Al (Fig. 10(a)) resembled that of 
Si (Fig. 6(c)). As the experiments progressed, as 
depicted in Figs. 10(b) and (c), Al2O3 was observed 
to enrich on the right of the Ca2SiO4 layer. This 
enrichment faded as the Ca2SiO4 layer thickened 
and densified (Fig. 10(d)). 

This enrichment of Al2O3 was closely related 
to the dynamics of the Ca2SiO4 layer. With      
the considerable precipitation of Ca2SiO4, the 
concentrations of SiO4

4− and Ca2+ at the FeO−CaO 
melt/AFMT interface diminished rapidly, resulting 

in an increased Al2O3 concentration on the right of 
the Ca2SiO4 layer. Only a minimal amount of Al2O3 
diffused through the Ca2SiO4 layer along with SiO4

4−, 
dissolving into the calcium ferrite compounds. 
Initially, as the Ca2SiO4 layer formed, Al2O3 was 
enriched on its right. As the layer became more 
compact, Al2O3 diffusion was confined within the 
AFMT, resembling the behavior of SiO4

4−, leading 
to a gradual decrease and eventual disappearance of 
the Al2O3 enrichment. 

The impact of Al2O3 on the decomposition 
reaction is interesting. JIANG et al [37] explored 
the effects of Al2O3 on oxygen steelmaking slag and 
proposed that Al2O3 reacted with Ca2SiO4 to form 
Ca2Al2SiO7. However, this compound was not 
detected in the current study. DEO et al [38] 
investigated the influence of Al2O3 on the 
morphology of oxygen steelmaking slag and noted 
that the presence of Al2O3 inhibited the formation of 
Ca2SiO4, reducing its quantity. The findings of this 
study corroborate this observation, as a reduced 
equilibrium concentration of FeO in residual  
melts implies suppressed precipitation of Ca2SiO4 
particles. This conclusion is supported by applying 
the lever rule to the Ca2SiO4 primary phase     
field illustrated in Fig. 3. Moreover, the trace 
amounts of Al detected in Ca2SiO4 particles, as 
shown in Table 1, suggest the formation of an Al2O3- 

 

 

Fig. 10 Al distribution mappings at 1220 °C for 1 s (a), and at 1300 °C for 1 s (b), 10 s (c) and 30 s (d) 
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containing Ca2SiO4 solid solution, possibly through 
the partial substitution of SiO4

4− tetrahedra by AlO4
5− 

tetrahedra during the precipitation process. 
 
4.3 Reaction mechanism 
4.3.1 Retardation effect of Ca2SiO4 product layer 

The widely recognized principle that ion 
diffusion rates are lower in solids than in melts 
provides a fundamental explanation for the 
retardation effect imposed by the Ca2SiO4 product 
layer on ion diffusion. The behavior of the initial 
products, the FeO−CaO melt and calcium ferrite 
compounds, offers deeper insights into this 
retardation phenomenon. 

It was critical to determine the onset of this 
retardation effect, that is, the formation time of the 
Ca2SiO4 product layer. In Fig. 5(a), a considerable 
presence of FeO−CaO melt was noted, relative to 
the calcium ferrite compounds, with this disparity 
visibly diminishing in Fig. 5(b). Additionally, a 
comparison between Figs. 6(c) and 7(c) revealed  
a minor decrease in Si concentration as the 
temperature increased to 1300 °C, indicating a 
retardation in the relative diffusion of Ca2+, Fe2+, 
and SiO4

4−. This effect could not be attributed solely 
to the rise in temperature. Instead, the formation of 
the Ca2SiO4 product layer seems the most plausible 
cause. Accumulation of Fe2+ and SiO4

4− occurred  
on the right of the Ca2SiO4 layer, while Ca2+ 
accumulated on the left. These accumulations 
facilitated the observed alterations in the 
coexistence zone of calcium ferrite compounds and 
FeO−CaO melt. It can be inferred that the formation 
of the Ca2SiO4 product layer occurred earlier than 
the 1 s mark, as the retardation effect was already 
evident. 

The impact of the Ca2SiO4 product layer on 
ion diffusion was further confirmed by examining 
the width of the coexistence zone between calcium 
ferrite compounds and FeO−CaO melt. As depicted 
in Fig. 11, the coexistence zone width was plotted 
against reaction time. This width was calculated  
as an average from measurements taken from    
the backscattered images in Figs. 5(b−d). The 
coexistence zone widths demonstrated average 
growth rates of 50, 4.4, and 0.5 μm/s during the 
intervals of 0−1, 1−10, and 10−30 s, respectively. 
These data confirm the significant retardation effect 
of the Ca2SiO4 layer on ion diffusion. Given that the 
formation of this layer occurred earlier than the 1 s 

mark, the retardation effect led to a pronounced 
reduction in the growth rate of the coexistence  
zone width. Furthermore, compared to Fig. 5(b), the 
proportion of FeO−CaO melt within the coexistence 
zone in Fig. 5(c) diminished and was replaced by 
calcium ferrite compounds. This, in turn, reinforced 
the retardation effect of the Ca2SiO4 product layer, 
as ions exhibit markedly slower mobility in solids 
than in melts. Table 1 indicated a decrease in Fe 
concentration and an increase in Ca concentration 
in the FeO−CaO melt as the interface reaction 
progressed from 10 to 30 s, supported by the 
elemental distributions in Figs. 8 and 9. This change 
was a direct result of the evolving retardation effect 
imposed by the Ca2SiO4 product layer. 

HAMANO et al [35] observed that P2O5 in 
slag accelerates ion diffusion, thereby increasing 
the width of the coexistence zone, which was 
supported by HACHTEL et al [33] and 
KAKIMOTO et al [45]. SAITO et al [36] measured 
the coexistence zone width in CaO-decomposed 
P2O5-containing slag, as depicted in Fig. 11. The 
width reported in this study exceeds those noted by 
SAITO et al [36]. Although Al2O3 has a stronger 
accelerating effect on ion diffusion than P2O5, the 
impact of trace amounts of Al2O3 is insufficient to 
counterbalance the retardation effect of the Ca2SiO4 
product layer on ion diffusion. 

 

 
Fig. 11 Variation of coexistence zone width with time 
 

In summary, the retardation effect of the 
Ca2SiO4 product layer on mass transfer is 
intensified over time, significantly reducing the rate 
of the decomposition reaction to near complete 
termination. The in-situ observations and quenching 
experiments in this study indicated that the system 
was far from reaching an equilibrium state. This 
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retardation effect also accounts for the near- 
constant reaction interface, as demonstrated in 
Fig. 4. 
4.3.2 Self-retardation mechanism of lime 

decomposing AFMT 
The equilibrium concentrations of species   

in a chemical system can be inferred from 
thermodynamic principles [46]. However, a broader 
experimental perspective is necessary to fully 
understand the specific reaction mechanisms. The 
results revealed that the dense Ca2SiO4 film formed 
by the target substance Ca2SiO4 severely impedes 
the mass transfer, demonstrating a self-retardation 
effect. This self-retardation mechanism, illustrated 
in Fig. 12, can be summarized as follows: (1) lime 
decomposing AFMT occurs through ion diffusion 
(Fig. 12(a)); (2) The initial reaction products include 
calcium ferrite compounds and FeO−CaO melt 
(Fig. 12(b)); (3) at the FeO−CaO melt/AFMT 
interface, Ca2SiO4 particles precipitate, forming a 
dense Ca2SiO4 film (Fig. 12(c)); (4) the diffusion 
rates of Fe2+ and Ca2+ through this dense Ca2SiO4 
film are significantly reduced, and SiO4

4− ions 
cannot penetrate the film (Fig. 12(d)); (5) although 
traces of Al2O3 can temporarily enhance mass 
transfer, they are insufficient to disrupt the structure 
of the dense Ca2SiO4 film. Within the coexistence 

zone of calcium ferrite compounds and FeO−CaO 
melt, an excess of Ca2+ facilitates the formation of 
Ca3SiO5. In the AFMT phase, the limited quantity 
of Ca2+ leads to the precipitation of only a few new 
Ca2SiO4 particles, with a minor amount of FeO-rich 
residual melt dispersing around them (Fig. 12(e)). 

The dense Ca2SiO4 film poses a significant 
barrier to mass transfer, substantially extending the 
time to reach equilibrium for lime decomposing 
AFMT. Future research should therefore focus on 
modifying the structure and distribution of the 
Ca2SiO4 film to mitigate its retardation effects. 
Additionally, there has been some progress [47−49] 
in resolving the separation between Ca2SiO4 solid 
solution and FeO-rich melt. However, further 
development of alternative technologies suitable for 
industrial applications remains essential. 
 
5 Conclusions 
 

(1) According to the pseudo-ternary FeO− 
CaO−SiO2 (Al2O3) system phase diagram, the 
regulation of CaO addition in the AFMT allows the 
production of residual melt with FeO concentrations 
of 75−88 wt.% and Ca2SiO4 at equilibrium. However, 
in-situ observations indicated that the reaction    
of lime decomposing AFMT was impacted by 

 

 
Fig. 12 Schematic diagrams of reaction mechanism for lime decomposing AFMT 
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unidentified factors, which significantly hindered 
its progression. 

(2) The initial reaction products consisted of 
FeO−CaO melt and calcium ferrite compounds.  
At the FeO−CaO melt/AFMT interface, Ca2SiO4 
particles precipitated, forming a dense Ca2SiO4 film 
that significantly retarded mass transfer. Although 
the temporary enrichment of Al2O3 due to the 
precipitation of Ca2SiO4 particles enhanced mass 
transfer, it was insufficient to overcome the 
retardation effect. The chemical reaction exhibited a 
self-retardation effect and was nearly terminated 
within the first 30 s, far from reaching an 
equilibrium state. 

(3) It is recommended to use lime with 
sufficiently small particle size or porous 
characteristics or, alternatively, to employ strategies 
that modify the structure and dispersibility of the 
Ca2SiO4 film. Such approaches have the potential  
to mitigate the self-retardation effect, thereby 
enhancing the efficiency of the reaction kinetics. 
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摘  要：提出利用石灰分解含 Al2O3 铁橄榄石熔体(AFMT)提高铜渣中铁品位的方法。热力学计算表明，调整

CaO/AFMT 的比例，可生成 FeO 质量分数为 75%~88%的残余熔体和 Ca2SiO4。原位观察表明，该反应受到某种

阻碍。淬火实验表明，反应的初始产物为钙铁酸盐化合物和 FeO−CaO 熔体。在 FeO−CaO 熔体/AFMT 界面，Ca2SiO4

颗粒沉淀，形成一层致密的 Ca2SiO4 膜，严重阻碍了传质。虽然 AFMT 中微量的 Al2O3 暂时促进了传质，但不足

以克服这种阻滞效应。分解反应远未达到平衡，表现出一种自阻滞效应。应采取措施消除这种自阻滞效应，提高

反应动力学效率。 

关键词：石灰；含 Al2O3 铁橄榄石熔体；Ca2SiO4 膜；自阻滞；传质 
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