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Abstract
Isothermal reduction experiments on carbon-bearing pellets of copper slag were investigated by the thermogravimetric 
method with biomass carbon as a reducing agent. The results indicated that the reduction process of copper slag-biomass 
composite pellets was dominated by gas phase diffusion, and the apparent activation energy was 88.44 kJ/mol. In the 
temperature range from 1000 to 1200 °C, the metallization rate of pellets increased with increasing temperature, and the 
maximum metallization rate was 78.4%. The optimal reduction temperature of CSBCP (copper slag-biomass composite 
pellets) was 1200 °C.

Keywords Copper slag · Carbothermal reduction · Kinetics

1 Introduction

Copper slag, produced in the process of copper smelting, is 
rich in iron oxides, silicates, and sulfides [1]. According to 
different raw material grades, processes, and operating lev-
els, approximately 2.2 to 3 tons of copper slag is generated 
for every ton of copper produced [2]. In terms of quantity, 

copper slag is only second to red mud in non-ferrous smelt-
ing slag. It is estimated that the amount of copper slag dis-
charged into the environment in China is as high as 19 to 
26.7 million tons every year [3]. However, only a few part 
of the copper slag has been used by building materials [4], 
paving materials [5], rust removers [6], etc. Up to now, its 
cumulative stockpile has exceeded 200 million tons.

The most abundant element in copper slag is Fe/O/Si, 
among which the iron content is usually 35–45% [7], while 
the average grade of iron ore in China is only 30%. China 
is a big country of iron and steel, and its dependence on 
foreign iron ore is more than 80%. Therefore, it is very nec-
essary and urgent to recover the iron resources in copper 
slag. Researchers all over the world have carried out a lot 
of work on the recovery of iron from copper slag and have 
achieved remarkable results, such as direct magnetic sepa-
ration, reduction of roasting-magnetic separation, oxidative 
roasting-magnetic separation, high-temperature smelting 
reduction, and wet leaching [6]. However, the actual utili-
zation rate of iron in copper slag is less than 1%. The main 
reason is that iron in copper slag exists in the fayalite phase 
with a relatively stable structure. In traditional beneficiation 
methods, such as flotation, the recovery rate of iron is only 
about 25–30%. Although the reduction method has a high 
iron recovery rate, it has the disadvantages of high-energy 
consumption and large consumption of reducing agent, mak-
ing it economically uneconomical. So, it has not yet achieved 
commercial application. Despite the shortcomings in the 
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reduction method, the research on the reduction of copper 
slag to recover iron has been paid more and more atten-
tion by researchers from all over the world in recent years, 
due to the rising price of iron ore. At present, the reduction 
temperature, reduction time, C/O ratio, and magnetic sepa-
ration of copper slag have been fully researched, and metal 
iron products with iron content ≥ 90% have been obtained 
under laboratory conditions [8–13]. But there are few stud-
ies on the kinetics of iron reduction in slag, especially the 
reduction kinetics of copper slag-biomass composite pel-
lets. Biomass comes from agricultural and forestry wastes, 
which can be prepared into biomass carbon after pyrolysis. 
Therefore, compared with traditional reducing agents such 
as coal, coke, heavy oil, and natural gas, biomass carbon not 
only has renewable characteristics but also has the advan-
tages of wide distribution and ecological and environmental 
protection. In the future, the use of biomass carbon as a 
reducing agent is expected to reduce the operating cost of 
copper slag reduction to recover iron. At present, the reduc-
tion mechanism of copper slag-biomass composite pellets 
is not yet fully understood by researchers. Therefore, the 
research on the reduction kinetics of copper slag-biomass 
composite pellets is not only helpful to grasp the reduction 
mechanism, but also of great significance to guide industrial 
design and production.

The composition and structural characteristics of copper 
slag determine the complexity of the reduction process. In 
this paper, using biomass carbon as a reducing agent, an 
isothermal reduction experiment of CSBCP was carried 
out, the quality changes during the reduction process were 
recorded, and the kinetic analysis was carried out to explore 
the limiting links in the reduction process of copper slag 
biomass carbon.

2  Experimental

2.1  Materials

The copper slag sample was obtained from a copper com-
pany in Chinalco. The copper slag was crushed and ground 
to ~ 0.178 mm as the experimental material. The chemical 
composition of the copper slag is shown in Table 1, and 
its phase composition is shown in Fig. 1. It can be seen 
that fayalite  (Fe2SiO4), magnetite  (Fe3O4), and chalcopyrite 
 (CuFeS2) are the main phases in the copper slag. In addi-
tion, there may be a few substances that were not detected. 
Biomass carbon was provided by Tianjin Yadeer Biomass 

Technology Co., Ltd. Its chemical composition is shown in 
Table 2, and the specific surface area of biomass carbon is 
338.6  m2/g. In order to ensure the full progress of the reac-
tion, the biomass carbon is crushed and sieved, and the 0.15-
mm sieve material is taken as the reducing agent.

2.2  Experimental Device and Method

Biomass carbon and copper slag were weighed according 
to the carbon–oxygen molar ratio (C/O = 1.2), and then 
a small amount of water was added to mix evenly and 
pressed into carbon-containing pellets with a size of Φ21 
mm × Φ19 mm × 13 mm in a mold. The pressing pressure is 
20 Mpa, and the holding time is 3 min. Finally, the sample 
was dried in an oven at 105 °C for 2 h to remove free water.

The isothermal direct reduction experiment of copper slag 
was carried out in a vertical tube furnace. Figure 2 shows 
the schematic diagram of a reduction experimental appara-
tus. An electric resistance furnace with six U-shape  MoSi2 
heating elements was adopted to heat the samples. The inner 
diameter of the reactor tube was 50 mm, and the accuracy of 
the electronic balance was ± 0.001. In each isothermal reduc-
tion experiment, about 30 g of composite pellet samples was 

Table 1  Chemical composition 
of copper slag (mass fraction, 
%)

Fe2O3 SiO2 Al2O3 ZnO CaO MgO Na2O K2O SO3 PbO CuO As2O3 TiO2

52.04 34.51 3.32 2.59 2.33 1.26 1.06 0.64 0.50 0.45 0.30 0.28 0.22
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Fig. 1  X-ray diffraction spectrum of copper slag

Table 2  Main composition of biomass carbon (mass fraction, %)

Fixed carbon Volatile matter Ash Moisture

76.51 5.28 10.81 7.40
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loaded into molybdenum baskets. Argon was introduced 
into the bottom of the furnace tube at a flow rate of 0.5 L 
 min−1. When the temperature in the furnace was heated to the 
specified temperature (950 °C, 1000 °C, 1050 °C, 1100 °C, 
1150 °C), the molybdenum basket containing the composite 
pellets was quickly hung under the electronic balance. The 
weight variation was monitored and recorded every 30 s. 
When the balance display remained at a certain value for more 
than 120 s, the reduction process was considered to be over. 
Then, stop heating and cool the pellets along with the furnace 
under an argon atmosphere.

3  Results and Discussion

3.1  Analysis of Copper Slag Reduction Process 
and Derivation of Reduction Fraction

The purpose of copper slag reduction is to convert iron-rich 
phases such as fayalite and magnetite in the copper slag into 
metallic iron. A series of reactions take place in the interior 
and surface of the pellets after heating, and the whole reduc-
tion process presents a multi-component interactive reaction. 
In the initial stage of pellet heating, the first reaction is the 
solid–solid reaction. During which, the iron-rich phase in 
the copper slag undergoes a direct reduction reaction with 
carbon particles. As the solid–solid reaction advances, the 
reducing gas CO generated by the reaction is in contact with 
the iron-containing material inside the pellet to undergo a 
reduction reaction during the diffusion (escape) process. In 
addition, the product of CO will also undergo a gas-solidifi-
cation reaction with the carbon particles, namely, Boudouard 

reaction. The chemical reactions that may be involved in the 
reduction process of CSBCP are as follows [14–16]:

Thermodynamic calculation of reaction Eqs. (1–7) was 
carried out by using the thermodynamic calculation soft-
ware HSC6.0, and the results are shown in Fig. 3.

Thermodynamic calculation shows that all the above can 
occur except reaction Eq. (6). According to the reaction formula 
(2), the starting temperature of the reaction between ferruginous 
olivine and carbon is 1036.7 K. When the reaction temperature 
rises, the lower standard Gibbs-free energy of the reaction can 
promote the formation of metal iron. In addition, according to 
the reaction formula (5), the starting temperature of the reaction 
between ferruginous olivine and carbon is reduced to 757.4 K, 
indicating that the introduction of CaO can reduce the decompo-
sition temperature of ferruginous olives and promote the forma-
tion of metal iron in copper slag.

(1)C + Fe
3
O

4
= CO(g) + 3FeO

(2)2C + Fe
2
SiO

4
= 2CO(g) + 2Fe + SiO

2

(3)2CaO + Fe
2
SiO

4
= 2FeO + 2CaO ⋅ SiO

2

(4)C + FeO = CO(g) + Fe

(5)2CaO + 2C + Fe
2
SiO

4
= 2CO(g) + 2Fe + 2CaO ⋅ SiO

2

(6)2CO + Fe
2
SiO

4
= 2CO

2
(g) + 2Fe + SiO

2

(7)CO
2
+ C = 2CO

Air inlet

Fig. 2  Schematic diagram of isothermal reduction experimental 
device (1—argon cylinder, 2—flowmeter, 3—furnace, 4—molybde-
num basket, 5—electronic balance, 6—Thermocouple, 7—data log-
ging device, 8—temperature control device)
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Fig. 3  The correlation of standard free energy with temperature for 
Eqs. (1–7)
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From the above chemical equation, it can be seen that the 
reduction weight loss of copper slag at high temperatures is 
mainly caused by the reduction of fayalite and iron oxides 
to generate CO and escape from the system. Therefore, the 
reduction fraction f can be calculated according to the change 
of pellet mass, as shown in Eq. (8):

f is the reduction fraction, ΔWt is the difference between 
the initial weight (g) of the pellet and the weight (g) at time 
t, ΔWmax is the theoretical maximum weight (g) loss of the 
copper slag composite pellet, W0 is the initial weight (g) of 
the pellet, and Wt is the weight (g) of the pellet at time t, WO 
is the total oxygen atom weight (g) in the iron-containing 
compound, and WC and WV are the fixed carbon mass (g) and 
volatile matter mass (g) in the biomass carbon, respectively.

3.2  Determination of Copper Slag Reduction 
Reaction Model

According to the weight loss data of pellets at different tem-
peratures, the relationship between reduction fraction f and 

(8)f =
ΔWt

ΔWmax

=

(

W
0
−Wt

)

W
0
+Wc +Wv

× 100%

reduction temperature and time is calculated by the Eq. (8), 
and the results are shown in Fig. 4.

Figure 4 shows that the reduction fraction f of copper 
slag-biomass composite pellets is positively correlated with 
both temperature and time. At 1000 °C, 1050 °C, 1100 °C, 
1150 °C, 1200 °C, and 1250 °C, the reduction fractions f at 
the end of the experiment were 0.469, 0.536, 0.601, 0.648, 
0.685, and 0.691, respectively. It can also be seen from 
Fig. 4 that after the red mud-biomass carbon composite pel-
lets are reduced at 1200 °C for 30 min, the reduction fraction 
can reach more than 0.685, which provides a basic data for 
the research on the carbothermic reduction of copper slag 
biomass to recover iron.

4  Reaction Kinetics Analysis

4.1  Analysis of Speed Limit in Reduction Process

To explain the reduction mechanism and kinetics of iron 
minerals, numerous studies on the process of reducing iron 
minerals with solid carbon by thermogravimetry and other 
methods have been carried out, and different theoretical 
models of reaction rate control have been formed, as shown 
in Table 3.

To find out the limiting link of the reduction reaction 
of CSBCP, the above kinetic models were used to process 
the experimental data f. The data f at the end of the reac-
tion and after the equilibrium is not meaningful for the fit-
ting of the kinetic model. Therefore, in this experiment, the 
data between 0 and 0.95 fmax was selected for fitting (fmax is 
the reduction fraction at the reaction equilibrium). Figure 5 
shows the relationship between the models (I ~ V) and time 
t respectively. Origin 8.5 software is used to perform linear 
fitting of different models, and the fitting results are shown 
in Table 4.

According to the fitting results in Table 4, the fitting coef-
ficients of different models and the reaction rate constant k at 
the corresponding temperature can be known. By comparing 
the fitting coefficients of different models, it can be seen that 
the fitting degrees of models I and II are both above 0.99, 
and the fitting degree of model II is slightly better than that 
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Fig. 4  The relationship between reduction fraction and time at differ-
ent temperatures

Table 3  Kinetic mechanism function of reduction reaction [17–20]

Dynamics model Model number Reaction mechanism Function, G (f)

Three-dimensional gas diffusion model I Three-dimensional, Jander equation (only applicable to 
the initial stage of reaction)

kt = [1 − (1 − f)1/3]2

II Three-dimensional, Ginstling-Brushtein equation kt = 1 − 2/3f − (1 − f)2/3

III Three-dimensional, G. Valensi-R. E. Carter equation kt = (1 + f)2/3 − (1 − f)2/3

Interfacial reaction IV Three-dimensional, shrink sphere kt = 1 − (1 − f)1/3

Carbon gasification reaction V Boudouard reaction kt =  − ln (1 − f)
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of model I. Considering that model I is only applicable to the 
initial reaction [21], it is concluded that gas-phase diffusion 
is the limiting link in the reduction process of copper slag-
biomass composite pellets, and its kinetic equation can be 
expressed by the Ginstling-Brushtein equation.

4.2  Calculation of Apparent Activation Energy 
in the Reduction Process

According to the rate constant k at different temperatures in 
Table 4, the apparent active method energy of the reduction 
reaction can be calculated using Arrhenius formula (9):

(9)k = Aexp
(

−
Ea

RT

)

where A is the pre-exponential factor,  s−1; Ea is the apparent 
activation energy, J/mol; R is the ideal gas constant, 8.314 J/
(mol K); T is the thermodynamic temperature, K.

Equation  (10) can be obtained from Eq.  (9). It can 
be seen from Eq. (10) that there is a linear relationship 
between lnk and T−1:

Bringing the rate constant k data of model II at dif-
ferent temperatures into the above formula, the linear 
regression curve of lnk and 1/T can be drawn, as shown 
in Fig. 6. The pre-exponential factor A and the apparent 
activation energy Ea, calculated through the intercept and 
slope of the fitted straight line, are 2.782  s−1 and 82.67 kJ/
mol, respectively. Apparent activation energy refers to the 

(10)lnk = −
Ea

R
×

1

T
+ lnA

Fig. 5  Linear fitting of differ-
ent reduction kinetic models. 
(a) [1-(1-f)1/3]2vs.time; (b) 
1-2/3f-(1-f)2/3vs.time; (c) 
(1+f)2/3-(1-f)2/3vs.time; (d) 
1-(1-f )1/3vs.time; (e) -ln (1- f )
vs.time
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minimum energy required to convert reactant molecules 
into active molecules in a chemical reaction. It reflects 
how difficult a chemical reaction is to take place. Based 
on this, the reduction kinetics equation of CSBCP is cal-
culated as follows:

4.3  Effect of Temperature on Metallization Rate 
of Copper Slag Pellet

The content of metallic Fe and total Fe in the pellets after 
experiments at different temperatures (1100 ~ 1250 °C) was 
analyzed, and the metallization rate of the pellets was cal-
culated as shown in Fig. 7. It can be seen that in the range 
of 1000–1200 °C, the metallization rate of the copper slag 
pellets increased rapidly with the increase of the heat-
ing temperature. This was because the reduction reaction 
of fayalite and iron oxides was an endothermic process; 
the increase of temperature was beneficial to promote the 
reduction reaction. In addition, the increase of temperature 
also helped to promote the gasification of carbon and the 
aggregation and growth of metallic iron. After the tempera-
ture exceeded 1200 °C, the temperature continued to rise, 
and the metallization rate decreased slightly. A reasonable 
explanation might be that a liquid phase was formed at high 
temperatures, which blocked the internal voids of the pel-
lets and deteriorated the reaction conditions. Furthermore, 
some iron-containing phases or carbon particles may be 
surrounded by the liquid phase, which blocked the con-
tact between the gas and solid phases, making it difficult to 
improve the metallization rate.

(11)1 − 2∕3f − (1 − f )2∕3 = 2.782exp
[

−
82670

RT

]

t

Table 4  Results of the linear fitting under different kinetic models

Model T, ℃ k,  s−1 Adj. R-Square

[1 − (1 − f)1/3]2 1000 1.22 ×  10−3 0.9944
1050 1.73 ×  10−3 0.9964
1100 2.43 ×  10−3 0.9961
1150 3.13 ×  10−3 0.9969
1200 3.35 ×  10−3 0.9989
1250 4.81 ×  10−3 0.9973

1 − 2/3f − (1 − f)2/3 1000 1.09 ×  10−3 0.9957
1050 1.51 ×  10−3 0.9978
1100 2.09 ×  10−3 0.9978
1150 2.64 ×  10−3 0.9982
1200 3.19 ×  10−3 0.9994
1250 3.96 ×  10−3 0.9948

(1 + f)2/3 − (1 − f)2/3 1000 2.79 ×  10−2 0.9710
1050 3.27 ×  10−2 0.9659
1100 3.88 ×  10−2 0.997
1150 4.39 ×  10−2 0.9645
1200 4.91 ×  10−2 0.9613
1250 5.88 ×  10−2 0.9525

1 − (1 − f)1/3 1000 7.99 ×  10−3 0.9787
1050 9.69 ×  10−3 0.9769
1100 1.1177 ×  10−2 0.9774
1150 1.36 ×  10−2 0.9759
1200 1.545 ×  10−2 0.9699
1250 1.866 ×  10−2 0.9585

 − ln (1 − f) 1000 2.62 ×  10−2 0.9838
1050 3.2 ×  10−2 0.9826
1100 3.95 ×  10−2 0.9840
1150 4.64 ×  10−2 0.9834
1200 5.33 ×  10−2 0.9792
1250 6.47 ×  10−2 0.9686
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The phase analysis of the reduced pellets was carried 
out, and the results are shown in Fig. 8. It could be seen 
that if the pellets reduced at 1000–1100 °C, they con-
tained a large amount of fayalite phase, which indicated 
that the reduction of fayalite was insufficient under low-
temperature conditions. After reducing at 1200 °C, the 
main phases were metallic iron, quartz, and a small num-
ber of iron oxides, which was consistent with the analysis 
of the metallization rate of the pellets. Therefore, the 
suitable reduction temperature of CSBCP was 1200 °C.

5  Conclusion

In this work, the isothermal reduction process of CSBCP 
was studied based on the weight-loss method, and the fol-
lowing conclusions were obtained:

1. It was technically feasible to reduce the iron-contain-
ing phase in copper slag by using biomass carbon as a 
reducing agent. The limiting link of the high tempera-
ture reduction of CSBCP was gas phase diffusion, the 
apparent activation energy of the reduction reaction was 
82.67 kJ/mol, and its kinetic equation was

2. The metallization rate of pellets was greatly affected 
by temperature, and the metallization rate of pellets 
increased rapidly from 43.6% to 78.4% with the increase 
of temperature from 1000 to 1200 °C. The suitable 

1 − 2∕3f − (1 − f )2∕3 = 2.782exp
[

−
82670

RT

]

t

reduction temperature of copper slag-biomass composite 
pellets was 1200 °C, and the iron element in the reduc-
tion slag was mainly in the form of metallic Fe.
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