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Abstract
Copper slag is a good valuable material resource with high iron content in the form of fayalite. Biomass as reduction

reducer was proposed in this paper. For the basic research of the reduction in biomass, the biomass reducer was simplified

as molding compound C, CO, H2 and CH4. The reactions of 2FeO�SiO2 with C, CO, H2 and CH4 could proceed

spontaneously with the addition of CaO. The Gibbs free energy is decreased significantly by addition of CaO. The

equilibrium compositions of products were calculated and analyzed combing with 19 basic reactions. Beginning tem-

perature of C, CO, H2 and CH4 is 900, 623, 567 and 511 K, respectively The reduction degree of C, CH4, H2 and CO is 1,

0.851, 0.695 and 0.452, respectively, at 1773 K when the reducer addition ratio is 1.0 calculated by phase equilibrium

calculating model. Direct reduction reaction of copper slag dominates at higher temperature, and temperature region of

700–1173 K is the transformational zone. Indirect reduction index curves are in the shape of reverse ‘S,’ and the higher

temperature is in favor of indirect reduction in copper slag. There is a steady increase in reduction degree with the increase

in reducer. Reduction reaction path of copper slag by C, CO, H2 and CH4 is established.
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Introduction

Copper slag, an important potential iron ore secondary

resource, can be widely found in copper smelting enter-

prise. For every ton of copper production, about 2.2 tons of

copper slag is generated. [1]. The temperature of molten

copper slag is above 1573 K, and the contents of iron in

copper slag are 30–45%, whose grade is higher than that in

some low-grade industrial iron ore [2, 3].

At present, copper slag is used in sand-blasting industry

or used as certain value-added products, such as cement,

concrete, fill, abrasive tools, abrasive materials, mineral

wool and glass ceramics [1, 4–8]. The abundant iron in

copper slag is wasted. For the shortage of high-grade iron

ore resources in recent years, the utilization of copper slag

for the extraction of iron attracted more attentions. Many

practices have proved several methods recovering iron

from copper slag. These methods include reduction method

[9–14], oxidation method [15, 16], grinding flotation

method [17] and magnetic separation method [18]. Among

these methods, reduction method recovers iron by adding

different kinds of carbonaceous materials and obtains

higher Fe recovery ratio.

The type of reducers for the reduction in copper slag

falls into two major categories, solid carbonaceous mate-

rials (coal, coke, graphite and anthracite) [11–13, 19] and

gas reducers (H2, CO, CH4 and natural gas) [10, 20, 21].

Large amount of carbonaceous materials are consumed. In

order to decrease the consumption of conventional reducers

and meet the growing greenhouse challenges, incorporation

of renewable energy sources to the existing and emerging

metallurgical operations is desirable. Studies have been

conducted to introduce biomass into metallurgical indus-

tries [22–26]. With biomass added, the iron ore was

reduced to predominantly metallic iron. Biomass is a

widely distributed, abundant, renewable and environment-

friendly reducing agent [27]. It can replace fossil fuels to

realize the reduction in copper slag. Due to the complexity
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of kinds of biomass pyrolysis products, it is unrealistic to

make clear every reaction of pyrolysis products and the

reduction reactions of them. All in all, the fundamental

reduction reactions in copper slag are iron oxide with C,

CO, H2 and CH4. Therefore, the reduction reactions by C,

CO, H2 and CH4 are the basic reactions of the reduction in

iron oxide by biomass.

Thermodynamic studies on the standard Gibbs free

energy changes (DGh) have been applied for feasibility

analysis before practical experiments [28–32]. Some key

reactions about reduction in copper slag are carried out by

this method [33, 34]. Owing to the complex compositions

of copper slag, the reactions involved in the reduction

process are complicated. Therefore, the thermodynamic

results obtained by DGh may not be representative of the

real process. Besides, the formation of iron containing

phase is difficult to investigate by key reactions. To

establish internal reduction reaction mechanism and make

clear the transformation behavior of the species in copper

slag system, the main components of copper slag are taken

into account. Based on Gibbs free energy principle and

phase equilibrium calculating model in HSC Chemistry

software, the detailed thermodynamic study was per-

formed. The biomass reducer is simplified as molding

compound C, CO, H2 and CH4, which are pyrolysis pro-

ductions of biomass. The effects of reducer type, temper-

ature and reducer addition ratio on products components,

reduction degree and enthalpy are investigated.

Materials and methods

In this paper, copper slag was supplied from a flash

smelting furnace in a copper smelting corporation. The

chemical composition of copper slag in this paper is shown

in Table 1. The phases of raw materials were identified by

X-ray diffractometer (XRD). Figure 1 presents XRD pat-

terns of the waste slag before the reduction reaction. Fig-

ure 1 indicates that fayalite and magnetite are the main

mineral phases in slag. The contents in copper slag

reduction system are simplified as Fe, Fe3O4, 2FeO�SiO2,

CaO, CaCO3, MgO, SiO2, Al2O3, Cu2S, Zn, 2CaO�SiO2,

3CaO�SiO2, CO, CO2, H2, CH4, H2O, 18 kinds of chemical

compositions. The equilibrium compositions were calcu-

lated by phase equilibrium calculating model of HSC

Chemistry based on the minimization of the total Gibbs

free energy. And the amount of the main contents was

calculated by molar weight. The initial copper slag amount

data and addition of reducer are shown in Tables 2, 3. The

reducer addition ratio of C/O, CO/O and H2/O is 1:1, and

the reducer addition ratio of CH4/O is 1:3. The CaO/SiO2

ratio is 1:1. The theoretical molar quantity of ‘O’ in FeO

and Fe3O4 is 0.848 kmol. And the addition reducer molar

quantity of C, CO and H2 is 0.848 kmol, and Fe production

from copper slag is 0.788 kmol. The thermodynamic

analysis is conducted taking the following assumed con-

ditions into account:

1. The mass of copper slag is 100 kg, and the atmosphere

pressure is 0.1 MPa.

2. Phases with contents lower than 0.5% in this paper are

not discussed.

3. The biomass reducer is simplified as molding com-

pound C, CO, H2 and CH4, which are the main

pyrolysis productions of biomass. In order to make

sure the reactivity characteristic of every reducer

molding compound, C, CO, H2 and CH4 are not mixed

together in reduction process.

According to the compositions of different kinds of

reducer, the reduction reactions and equilibrium composi-

tions are discussed (Table 3).

Results and discussion

Reactions of copper slag reduction system

Reactions of copper slag reaction system include direct

reduction reactions of C [Eqs. (1)–(3)], indirect reduction

reactions of CO [Eqs. (4)–(6)], reduction reactions of H2

Table 1 The compositions of

copper slag, mass %
FeO Fe3O4 CaO Al2O3 MFe SiO2 Cu MgO S Zn others

37.50 18.90 0.23 0.98 1.24 31.99 0.74 0.42 0.39 2.78 4.87
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Fig. 1 X-ray diffraction spectrogram of copper slag
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[Eqs. (7)–(9)] and CH4 [Eqs. (10)–(12)], gasification

reactions [Eqs. (13)–(14)], slagging reactions with CaO

[Eqs. (15)–(18)] CaCO3 conversion reaction [Eq. (19)] and

cracking reaction of CH4 [Eq. (20)].

Based on Gibbs principle of the minimization of the

total Gibbs free energy, the reaction can proceed sponta-

neously when the Gibbs free energy change is lower than

zero. Figure 2 shows the Gibbs free energy change curves

of reactions with the change of temperature. For most

reactions, Gibbs free energy decreases to lower than zero

with the increase in temperature. However, the reduction in

2FeO�SiO2 and FeO by CO and H2 could not proceed

spontaneously. Besides, the decompose reaction tempera-

ture of CaCO3 is 1073 K, lower than the reduction tem-

perature. CaCO3 could not be generated in this reaction

system in other words. For smelting reduction in iron ore,

the reaction temperature should be above the melting point

of sample. The melting point of copper slag is about

1473 K. Smelting reduction in copper slag is in the region

of 1473–1673 K. Direct reduction in copper slag is lower

than its melting point and at the region of 1173–1473 K,

considering the initial reduction reaction temperature of

copper slag. The value of Gibbs free energy change effi-

ciently decreased with the addition of CaO as shown in

Fig. 3. The reduction reactions are promoted in various

degrees. The reactions of 2FeO�SiO2 with CO and H2 could

proceed spontaneously above melting reduction tempera-

ture and direct reduction temperature with the addition of

CaO. At 1373 K, the Gibbs free energy change decreases

from 41–1242 kJ with the addition of CaO.

Fe3O4 þ C ¼ 3FeOþ CO ðg) ð1Þ
FeOþ C ¼ Feþ CO ðg) ð2Þ
2FeO � SiO2 þ 2C ¼ 2Feþ 2CO ðg)þ SiO2 ð3Þ
Fe3O4 þ CO ðg) ¼ 3FeOþ CO2ðgÞ ð4Þ

Table 2 Phase compositions of initial copper slag, kmol

2FeO�SiO2 Fe3O4 CaO Al2O3 MFe Cu2S MgO Zn

0.260 0.082 0.004 0.010 0.022 0.012 0.011 0.043

Table 3 Molar quantity of reducer addition, kmol

C/kmol CO/kmol H2/kmol CH4/kmol ‘O’/kmol

C/O 1:1 CO/O 1:1 H2/O 1:1 CH4/O 1:3

0.848 0.848 0.848 0.283 0.848
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FeOþ CO ðg) ¼ Feþ CO2 ðgÞ ð5Þ
2FeO � SiO2 þ 2CO ðg) ¼ 2Feþ 2CO2 ðgÞ þ SiO2 ð6Þ
Fe3O4 þ H2 ðgÞ ¼ 3FeOþ H2O ð7Þ
FeOþ H2 ðgÞ ¼ Feþ H2O ð8Þ
2FeO � SiO2 þ 2H2 ðgÞ ¼ 2Feþ 2H2Oþ SiO2 ð9Þ
3Fe3O4 þ CH4 ðgÞ ¼ 9FeOþ 2H2Oþ CO2ðgÞ ð10Þ
3FeOþ CH4 ðgÞ ¼ 3Feþ CO2 ðgÞ þ 2H2O ð11Þ

3 2FeO � SiO2ð Þ þ 2CH4 ðgÞ ¼ 4Feþ 4CO2 ðgÞ þ 4H2O

þ 3SiO2

ð12Þ
Cþ CO2 ðgÞ ¼ 2CO ðg) ð13Þ
CH4 þ 3CO2 ðgÞ ¼ 4CO ðg)þ 2H2O ð14Þ
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2FeO � SiO2 þ 2Cþ CaO ¼ 2Feþ 2CO ðg)þ CaO � SiO2

ð15Þ

2FeO � SiO2 þ 2CO ðgÞ þ CaO

¼ 2Feþ 2CO2 ðgÞ þ CaO � SiO2 ð16Þ

2FeO � SiO2 þ 2H2ðgÞ þ CaO

¼ 2Feþ 2H2Oþ CaO � SiO2 ð17Þ

3ð2FeO � SiO2Þ þ 2CH4 ðgÞ þ 3CaO

¼ 4Feþ 4CO ðg)þ 3CaO � SiO2 ð18Þ

CaOþ CO2 ðgÞ ¼ CaCO3 ð19Þ
CH4 ðgÞ ¼ Cþ H2 ðgÞ ð20Þ
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Effects of temperature and CaO addition

Effects of temperature on beginning temperature

Equilibrium composition is acquired on the condition that

C, CO, H2 and CH4 are introduced separately as reducing

agent as shown in Fig. 4. Based on Eqs. (1)–(12), theo-

retical reducer supplementation is selected. The beginning

reduction temperatures of H2, CH4, C and CO are 396, 445,

593 and 691 K, respectively. The beginning temperature is

theoretically confirmed by sudden change data of reduction

degree. Thermogravimetric experiments are carried out

compared with theoretical calculation results.

A NETZSCH STA409PC thermogravimetric analyzer

was employed. Copper slags were mixed thoroughly and

then placed in a tungsten crucible. In each experiment,

10 mg of the copper slag was heated from 308 K to 1773 K

at a heating rate of 5 K min-1. The protective gas was Ar,

and its flow rate was 20 mL min-1, controlled by flow

meters. Coke is used to present C. Mixed gas (CO 33% Ar

67%; H2 33% Ar 67%; CH4 33% Ar 67%) is inlet,

respectively. TG and conversation ratio curves of reduction

are shown in Fig. 5. By experiments, the beginning tem-

perature of four kinds of reducer is obtained. Reaction rate

affects beginning temperature, different from thermody-

namic analysis results above. Affected by diffusion

velocity, beginning temperature of solid C is higher than

gas reducers. And CH4 obtains lowest reaction beginning

temperature. From Fig. 5, the beginning temperature of C,

CO, H2 and CH4 is 900, 623, 567 and 511 K, respectively.

And the reduction rate of gas reducer is much higher than
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C. The sequence of reducers by reduction reaction rate is

CH4[H2[CO.

Effects of temperature on products

With the increase in temperature, all the reduction reac-

tions are promoted and the molar quantity of Fe increases

gradually. As for C, total production of Fe is up to

0.787 kmol when the temperature is at 1379 K. The vari-

ation tendency of CO is the same as that of Fe. The vari-

ation tendency of C and Fe3O4 is the opposite of that of Fe.

Due to the promotion function of CaO, the reduction in

2FeO�SiO2 takes place at room temperature based on the

thermodynamic calculation results. The equilibrium com-

positions of 2FeO�SiO2 and 2CaO�SiO2 remain stable.

From 700 K to 1400 K, the equilibrium composition of

CO2 increases firstly and then decreases. When the tem-

perature is at 986 K, the equilibrium composition of CO2

reaches a peak of 0.205 kmol. This is because that when

the temperature is lower than 986 K, CO participates in the

reduction reactions and CO2 is generated. When the tem-

perature is higher than 948 and 973 K, the gasification

reactions of C with CO2 take place. And for this reason, the

equilibrium composition decreases at high temperature.

The fluctuation tendency of CO and Fe in CO reduction

system is similar with that in C reduction system. When the

temperature is lower than 600 K, the CO and CO2 are all

transformed into C. When the temperature is higher than

1100 K, the production of Fe decreases slowly. The total

production of Fe is 0.5 kmol at 1400 K which is lower than

C.
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Fig. 9 Effects of reducer addition ratio on Fe, SiO2 and iron oxide phase equilibrium composition
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The reduction in H2 is accompanied by the production of

H2O. With the increase in temperature, the equilibrium

compositions of Fe and H2O increase gradually. The total

production of Fe is 0.578 kmol at 1773 K.

The equilibrium compositions of H2 and C are increased

at the same temperature. This illustrates that decompose

reactions of CH4 take place. With the increase in temper-

ature, H2O and CO are generated, respectively. And this

illustrates that the reduction in H2 and C takes place at 500

and 800 K, respectively. Compositions of C and H2 reach a

peak at 780 K, and CH4 decomposes thoroughly at this

temperature. And C disappears when the temperature is

higher than 1100 K. Residual H2 exists, and it does not

react thoroughly. The total production of Fe reaches to

0.680 kmol at 1773 K.

Effects of temperature on reduction degree

To make sure the reduction degree of the reducers above

and the relationships with temperature, reduction degree is

determined as follows:

g ¼ n0ðFeOÞ þ 4� n0ðFe3O4Þ � n1ðFeOÞ � 4� n1ðFe3O4Þ
n0ðFeOÞ þ 4� n0ðFe3O4Þ

ð21Þ

where n0(FeO) is molar quantity of FeO in copper slag

before reduction, n0(Fe3O4) is molar quantity of Fe3O4 in

copper slag before reduction, n1(FeO) is molar quantity of

FeO in copper slag after reduction and n1(Fe3O4) is molar

quantity of Fe3O4 in copper slag after reduction.

It is clear from Fig. 6 that the reduction degree of four

kinds of reducers is calculated. The reduction degree of C,

CH4, H2 and CO is 1, 0.851, 0.695 and 0.452, respectively,

at 1773 K. In other words, the reduction reaction of C and

copper slag is most radical. As shown in Fig. 7, reduction

degree is all improved with the addition of CaO for four

kinds of reducers.

Effects of reducer addition

Effects of reducer addition on products

To organize reduction reactions of iron oxides, different

ratios of reducers are added in this calculation. Based on

the current thermodynamic analysis, copper slag is mixed

with variable proportions of C, CO, H2 and CH4. The C/O,

CO/O and H2/O are in the interval of 0.6–1.2, and the CH4/

O is in the interval of 0.2–0.467. Such conditions and its

effects on equilibrium compositions are shown in Figs. 8

and 9. The variation of adding reducers changes the equi-

librium compositions. With the increase in reducer addi-

tion, compositions of Fe increase and composition of Fe3O4

decreases at a different temperature. As shown in Fig. 8a,

with the increase in C/O, compositions of C and CO

increase on different degrees. Compositions of CO2

decrease with the increasing addition of reducer, which

meant that Eqs. (4)–(6) move backward. As shown in

Fig. 8b, with the increase in CO/O, compositions of C, CO
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and CO2 increase substantially and CO promotes Eqs. (4)–

(6) to move forward. As shown in Fig. 9b, compositions of

SiO2, 2FeO�SiO2 and Fe3O4 fluctuate at low-temperature

region. As shown in Figs. 8c and 9c, with the increase in

H2/O, the amplitudes of variation of H2O and Fe compo-

sitions are more obvious. This is because that the high

temperature is more beneficial to the reduction in copper

slag with H2 [Eqs. (7)–(9)], which could also be demon-

strated in Fig. 6. As shown in Figs. 8d and 9d, with the

increase in CH4/O, compositions of C and H2O increase at

low temperature and composition curves of Fe, Fe3O4 and

CO2 transform at high temperature.

Effects of reducer addition on indirect reduction index

The content of C is very important to the reduction in iron

oxide in copper slag. The reduction in iron oxide in copper

slag contains the reduction in C [Eqs. (1)–(3)] and reduc-

tion in CO [Eqs. (4)–(6)], called direct reduction and

indirect reduction, respectively. In order to make sure the

direct and indirect reduction ratio in every reduction sys-

tem, indirect reduction index (a) is introduced in this paper.
‘a = 1’ represented that there are all direct reductions

[Eqs. (1)–(3)]; ‘a = 2’ represented that there are all indi-

rect reductions [Eqs. (4)–(6)]; ‘1\ a\ 2’ represented that

1600

1400

1200

1000

800

600

400

C/O1.4

1.0

0.8

0.6

0.4

0.2

0.0

C/O1.2

C/O1.0

C/O0.8

C/O0.6

CO/O1.4
CO/O1.2

CO/O1.0

CO/O0.8

CO/O0.6

CH4/O0.47
CH4/O0.4

CH4/O0.33

CH4/O0.27

CH4/O0.2

H2/O1.4
H2/O1.2

H2/O1.0

H2/O0.8

H2/O0.6

Temperature/K

1600

1400

1200

1000

800

600

400

Temperature/K

1600

1400

1200

1000

800

600

400

Temperature/K

1600

1400

1200

1000

800

600

400

Temperature/K

Reducer:C

R
ed

uc
tio

n 
de

gr
ee

1.0

0.8

0.6

0.4

0.2

0.0

R
ed

uc
tio

n 
de

gr
ee

1.0

0.8

0.6

0.4

0.2

0.0

R
ed

uc
tio

n 
de

gr
ee

0.8

0.6

0.4

0.2

0.0

R
ed

uc
tio

n 
de

gr
ee

Reducer:CO
Reducer:CH4

Reducer:H2

(a) (c)

(b) (d)
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there are coexisting status of direct reductions and indirect

reductions. a is calculated as follows:

a ¼ nðCOÞ þ 2� nðCO2Þ
nðCO)þ nðCO2Þ

ð22Þ

where n(CO) is the molar quantity of CO and n(CO2) is the

molar quantity of CO2.

Reduction reaction index curves are shown in Fig. 10.

Indirect reduction index curves are in the shape of reverse

‘S.’ As shown in Fig. 10a, b, when the temperature is lower

than 700 K, indirect reduction reaction index changed

slightly and maintains above 1.8 for C and CO reducer. At

the temperature region of 700–1173 K which is lower than

direct reduction temperature, indirect reduction index

decreases dramatically. It means that the direct reduction

reactions [Eqs. (1)–(3)] of copper slag dominate at higher

temperature and temperature region of 700–1173 K is the

transformational zone. For C and CO reducer, indirect

reduction index decreases from 1.4 to 1.0 and 1.55 to 1.4,

respectively, when the temperature is higher than 1173 K

and at the reduction temperature region. As shown in

Fig. 10c, when the temperature is lower than 1173 K,

indirect reduction reaction index decreased steadily for

CH4 reducer. And at reduction reaction temperature region,

indirect reduction index decreases from 1.5 to 1.15.

Effects of reducer addition on reduction degree

Reduction degree curves with the variation of added

reducers are shown in Fig. 11. According to Fig. 11a, the

value of reduction degree rises from 0.82 to 1 with the

increase in C/O when the temperature is above 1173 K.

When the reducer addition is above 0.8, reduction degree

appears level off. As shown in Fig. 11b, reduction degree

rises from 0.52 to 0.77 with the increase in C/O when the

temperature is above 1173 K. There is a steady rise of
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reduction degree at reduction temperature. Figure 11c, d

also describes that the steady rise took place in the value of

reduction degree. The figures reach a peak at 0.86 of H2

reducer and 1 of CH4 reducer, respectively.

Effects of reducer addition on enthalpy

Enthalpy is basic state parameter of copper slag reduction

system. It is significant to study the variation tendency of

reduction in copper slag by different kinds of reducers. The

reduction in copper slag is endothermic reaction. Based on

the calculation of enthalpy, heat supply can be confirmed in

theory. As shown in Fig. 12, enthalpy curves varied with

the addition of reducers, temperature and reducer types.

With the increase in reducer addition, the required quantity

of heat increases. The value of enthalpy of four kinds of

reducers is in the sequence of C[CH4[H2[CO. For C

and CO, there is a growth of enthalpy in the shape of ‘S.’

Enthalpy increase rate of C and CO at 800–1100 K is

higher than the other temperature region. However, for H2

and CH4, there is a linear growth of enthalpy with the

increase in temperature.

Reduction reaction path of C, CO, H2 and CH4

Based on model calculation results and experiment results,

reduction reaction path of C, CO, H2 and CH4 is simplified.

Reduction reaction path of copper slag by C, CO, H2 and

CH4 is shown in Fig. 13.

Copper slag particle is divided into three reaction

regions: unreacted core, reacted interface and product

layer. From Fig. 13a, when the temperature is lower than

973 K, C dominates the reduction in copper slag particle.

When the temperature is higher than 973 K, gasification

reaction of CO2 consumes C on reacted interface and

improves the reduction in CO on reacted interface. From

Fig. 13b, CO dominated the reduction in copper slag.

However, when the temperature is lower than 973 K,

deposition reaction of C takes place and parts of iron

oxides are reduced by C to some extent. This phenomenon

is also studied by Zhao [35]. As shown in Fig. 13c, the

reduction in H2 takes place on the interface. According to

Fig. 13d, the reduction in CH4 is complicated. C, CO and

H2 participates reduction process as intermediate product.

Gasification reaction of CH4 with CO2 produces CO and

H2. The crack reaction of CH4 produces C. The reduction

reactions take place on the interface. Similarly, when the

temperature is higher than 973 K, gasification of C with

CO2 produces CO and improves reduction reactions.

Conclusions

Thermodynamic study of reduction in copper slag by bio-

mass is conducted based on phase equilibrium calculating

model in HSC Chemistry software.

1. The reactions of 2FeO�SiO2 with C, CO, H2 and CH4

could proceed spontaneously with the addition of CaO.

The Gibbs free energy decreases significantly by

addition of CaO.

2. Beginning temperature of C, CO, H2 and CH4 is 900,

623, 567 and 511 K, respectively, based on thermo-

dynamic experiment results. The reduction degree of

C, CH4, H2 and CO is 1, 0.851, 0.695 and 0.452,

respectively, at 1773 K when reducer addition is 1.0.

The reduction reaction of C and copper slag is most

radical by thermodynamic analysis results. Direct

reduction reactions of copper slag dominated at higher

temperature, and temperature region of 700–1173 K is

the transformational zone.

3. Indirect reduction index curves are in the shape of

reverse ‘S,’ and a higher temperature is in favor of the

indirect reduction in copper slag. There is a steady rise

in the value of reduction degree with the increase in

reducer addition. The value of enthalpy of four kinds

of reducers is in the sequence C[CH4[H2[CO.
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