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Abstract The utilization of copper slag is an attractive
option of iron resource. However, extra energy consump-
tion is required and contributes to greenhouse gases. In this
paper, biomass was introduced as a new kind of reductant
for the reduction of copper slag to decrease the energy
consumption. The reduction kinetics and reduction char-
acteristics of three kinds of biomasses were studied by
thermogravimetric analyzer (TG). The TG curves showed
the reduction reaction of copper slag and biomass could be
divided into three stages during heating process: drying and
pyrolysis of biomass process (<959 K), pre-reduction
process (959-1100 K) and reduction reaction process
(>1100 K). Pine sawdust showed the best reducing prop-
erty and the reduction ratios of pine sawdust, corncob and
straw reached to 80.6, 76.1, and 60.0 %, respectively, when
the mass ratio of biomass/slag was 2:1. As the additive,
CaO had promotion effects on the reduction reaction. With
the increase in CaO addition, the reduction ratio of copper
slag increased firstly and reached a peak at CaOf/slag was
0.3:1 and then it declined due to the changes of slag vis-
cosity. By kinetics analysis, the reduction reaction con-
firmed well with shrinking core model (R1). The activation
energy of reactions was affected by the addition of biomass
and heating rate in experiments. With the increase in the
addition of biomass, the activation energy of reduction
reaction increased gradually; with the increase in heating
rate, the activation energy of reduction reaction decreased.
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Introduction

As an important part of metallurgy industry, copper
smelting is an industry of intensive energy and resource. In
recent years, the production of copper has been grown
rapidly and the production of copper reached 20.4 million
tons annual [1]. It has been estimated that about 2—3 tons of
slag is generated for every ton of copper produced [2].
Copper smelting slag contains large amount of heat and
some valuable metals (Fe, Cu, Zn, et al. as listed in
Table 1), in which the content of iron could reach to 45 %
[2]. It means that up to 26.8 million tons of potential Fe
was produced in copper slag every year.

At present, copper slag is treated by water-quenched
traditionally and widely used in the sand-blasting industry
or used as some value-added products, such as cement,
concrete, fill, abrasive tools, abrasive materials, mineral
wool and glass ceramics [3, 4]. However, the waste heat
and valuable metals cannot be recovered by this method.
Besides, water-quenched method wastes large amount of
water and can produce toxic wastes which can pass into
atmosphere.

Based on the shortage of high-grade iron ore resources
in recent years, different recovery methods have been
studied to recover iron from copper slag. These methods
include reduction method [5-9], oxidation method [10, 11],
grinding flotation method [12], and magnetic separation
method [13]. Due to the limits of economic, application of
these methods does not result in significant results of the
disposed slag. Oxidation and reduction methods had the
potentiality to realize the waste heat recovery of copper
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Table 1 The compositions of copper slag, mass%

FeO Fe;04 CaO Al,O3 MFe SiO, 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

slag. Usually, oxidation method is used in combination
with other separation methods, and air or oxygen is
injected into slag pond in this method. Under oxidizing
conditions, the main phase of copper slag would convert
from fayalite to magnetite, which will be separated by
magnetic separation method, flotation method, or leaching
method. By contrast, reduction method recovers iron by
adding different kinds of reductants and it has the advan-
tage of high Fe recovery and low pollution to the envi-
ronment. The characteristics of different reductant have
different effects on the reduction results.

With respect to the reduction characteristics of different
kinds of reductants, studies had been carried out. The types
of reductants fell into two major categories, solid reduc-
tants and gas reductants. As research objects of solid
reductants, coal, coke, graphite, coal ash and anthracite
dust had been applied to recover iron from copper smelting
slag. Extensive researches have been conducted in reaction
mechanism and kinetics [7-9, 14-16]. The reduction
mechanism and kinetics of copper slag included the
chemical reaction steps, reduction rate, and mass transfer in
slag, solid carbon and gas bubble. The rate-limiting step of
reduction reaction was affected by the contents of FeO and
carbon types. Moreover, gas reductants include H,, CO,
CH,, and gas mixture (such as natural gas) [6, 17, 18].
Based on the establishment of calculating model of
reducing gas, reduction mechanism was studied by smelt-
ing reduction experiments.

Recovering iron from copper slag by reduction method
should inject different kinds of reductants, which arouse
much extra energy consumption and contributed to green-
house gases. The conversion of biomass by biomass
pyrolysis is a good approach to utilization of agricultural
wastes, and it increases the potential usefulness of biomass
as a renewable resource [19-21]. Biomass pyrolysis pro-
duces fuel gases and fixed carbon. As one of the production
during pyrolysis process, fixed carbon could be a potential
reductant for the recovery of iron from copper slag. With
the variations in chemical compositions of different bio-
mass samples as reductants, the reduction reaction steps
and kinetics of reaction are different.

On the other hand, reduction process of iron oxides
leads to mass loss because the reducible oxygen in the
crystalline structure of iron oxides will escape as CO or
CO,. Thus, the reduction degree of iron ore oxides can be
reflected by the degree of mass loss. Studies about
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reduction kinetics of iron ore oxides have been conducted
by thermogravimetric analysis method [22-27]. Lin [24]
studied the kinetics of direct reduction of artificial chrome
iron ore by isothermal and non-isothermal methods using
TG and determined the mechanism functions for different
periods. And the reduction of hematite was in the sequence
of Fe,03, Fe304, FeO (FeAl,0,, Fe,Si0,) and Fe. Dang
[25] used hydrogen as reductant and studied the kinetics
and mechanism of ilmenite powders. Sun [26] studied coal-
based reduction mechanism functions of oolitic iron ore by
TG, X-ray diffraction (XRD) and scanning electron
microscope (SEM). Akhtar [27] used lignite char as the
reductant and studied the direct reduction process of
hematite, completed in iron oxide pellets. Lignite char
could successfully reduce hematite to iron at 1073—-1273 K.

In this paper, the present study was to investigate the
reduction kinetics and reduction ratio of copper slag with
three typical biomasses as reducing agent by TG. The
reduction process of the mixture of copper slag and bio-
mass was discussed during the heating process. Effects of
the biomass type, biomass addition, heating rate and CaO
addition on iron reduction ratio from copper smelting slag
were studied. The mechanism functions and reaction
kinetics were calculated.

Experimental and methods
Materials

Before experiment, the copper slag samples were crushed
to the size smaller than 150 pm. The CaO sample was
calcined from CaCO; (AR) at 1273 K for 10 h. The bio-
mass materials are corncob, pine sawdust, and straw from
Liaoning province of China (abbreviated as CN, PE, and
SW, respectively). The samples were dried in vacuum
drying oven at 353 K for 12 h, then ground by crusher,
finally sieved to 250 pum for experiments.

The compositions of copper slag used in experiments are
shown in Table 1. From Table 1, FeO, SiO, and Fe;0, are
the main compositions for copper slag. The element con-
tent of Fe (MFe, Fe’" and Fe®") reaches to 44.08 % in
copper slag. The phases in raw materials were identified by
X-ray diffractometer (Shimadzu, XRD-7000) using Cu-K,,
radiation operated at 30 kV and 40 mA, and diffraction
data was recorded continuous scanning with a step of 2°
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min~'. Figure 1 represents XRD patterns of the waste slag
before the reduction reaction. From Fig. 1, iron in copper
slag is in the phase of fayalite (Fe,SiO,) and magnetic
(Fe304). The impurity peaks of XRD patterns are the other
low content compositions. The analytical data (proximate
analysis, components analysis and ultimate analysis) for
the biomass samples are shown in Table 2. From the
proximate analysis, PE has the highest content of volatile
and CN has the highest content of fixed carbon. From the
components analysis, it can be seen that hemi-cellulose,
cellulose, and lignin are the three main components of the
biomass. And the contents of cellulose, lignin for PE is
highest. By ultimate analysis, the content of carbon in PE is
higher than CN and PE.

Apparatus and methods

A NETZSCH STA409PC thermogravimetric analyzer was
employed. The biomass, copper slag and CaO were mixed
thoroughly and placed in the high purity aluminum cru-
cible. The protective gas was Ar and, its flow rate was
30 mL min~', controlled by flow meters. In each experi-
ment, considering the restriction of apparatus on tempera-
ture, about 10 mg samples were heated from 298 to 1723 K
at a heating rate of 10, 20, or 40 K min~! and kept the
reaction temperature of samples at 1723 K for 30 min,
respectively. During the heating process, the pyrolysis
reaction of biomass occurred firstly and the reduction
reactions of copper slag with fixed carbon took place after.
The experimental conditions are shown in Table 3. Bio-
mass/Slag and CaO/Slag are abbreviated as B/S and CaO/
S, respectively.

During reduction process, copper slag is reduced by
fixed carbon, produced from biomass pyrolysis. CO and
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Fig. 1 The picture of X-ray diffraction spectrogram of copper slag
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Table 2 Properties of three biomass materials
Samples CN PE SW
Proximate analysis/mass%
Moisture 6.07 3.81 6.84
Volatiles matter 73.54 79.01 67.90
Ash 3.43 2.17 9.36
Fixed carbon 16.96 15.01 15.90
Components analysis/mass%
NDF 17.93 10.99 32.02
Hemicellulose 18.74 5.90 18.38
Cellulose 53.69 58.88 39.68
Lignin 8.75 23.42 7.38
Ultimate analysis/mass%
Nitrogen 1.65 0.15 0.61
Carbon 41.34 48.28 45.16
Hydrogen 5.769 6.17 5.928
Sulfur 0.125 0.082 0.069

Table 3 Experimental conditions

1

Biomass B/S CaO/S Heating rate/K min~
CN 0.5:1 0:1 10
PE 1:1 0.15:1 20
SW 2:1 0.3:1 40
0.45:1

CO, are generated in the reduction reaction of copper slag
by solid carbon and CO gas. The reduction of solid carbon
played the main role in the reduction, and the rate of
reduction by CO gas was only 5-10 % of that by solid
carbon in molten slag, which was verified by Bafghi,
Sugata and Li [28-30]. Reduction of iron oxides leads to
mass loss because the reducible oxygen in the crystalline
structure of iron oxides will escape as CO. Thus, the degree
of mass loss reflects the reduction degree of iron ore oxi-
des. In the present investigation, Wang [31] modified
Eq. (1) and determined the degree of reduction in iron ore-
coal composite pellets. Sah [32] and Sun [26] modified
Eq. (1) and calculated the coal-based reduction degree of
iron ore by this method. Therefore, mass loss method could
be used to determine the degree of reduction. The recovery
of iron from copper slag could be determined by mass loss
of sample during the reduction process.

- E % (fwl - (fcoal vam var)) % 100%
28 fore X pore xfO

(1)
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where r is the degree of reduction, %; f,, is fractional mass
loss; f.oar 1s fraction of coal present in composite pellet; f,
is fraction of volatile matters present in coal; f,, is fraction
of volatiles released during reduction at particular tem-
perature; fo. is fraction of ore present in composite pellet;
and p,. is the purity of iron oxide (Fe,05).

In order to obtain the actual mass loss of reducible
oxygen in copper slag, three samples were measured at the
same experimental conditions in each reduction experi-
ment. The relationships in mass and description of sample
A, B and C are shown in Fig. 2 and Table 4. Sample A is
the mixture of copper slag, CaO and biomass, which were
mixed sufficiently. And the mass loss of sample A during
reduction is caused by loss of fixed carbon, loss of redu-
cible oxygen in Fe;0,4 and FeO, loss of volatiles by bio-
mass pyrolysis and loss of trace of volatile in copper slag.
Sample B is the mixture of SiO, and biomass. The mass of
SiO, in sample B is equal to the mass of CaO and copper
slag in sample A and the mass of biomass in sample B is
equal to sample A. And the mass loss of sample B on the
same conditions is caused by loss of volatiles by biomass
pyrolysis. Sample C is copper slag, and the mass of copper
slag in sample A and C is equal. The mass loss of sample C
is caused by loss of trace of volatile in copper slag. SiO,
powder in sample B could eliminate diffusion effects of
copper slag on the reduction. The mass of CaO and SiO,
remain invariant, which was verified in experiments.

Modified by Eq. (1), the reduction degree of copper slag
is calculated as follows:

— Ay — AL
mc (FeO % X 72 + Fe; 04 % x 232)

Ex( t

x 100 % (2)

where 7' is reduction ratio of copper slag at time of t, %;
A%, Ak, A¢ are mass loss of sample A, B and C at reduction
time of t, g; m, is the mass of copper slag before reduction,
g; FeO % and Fe;0,4 % are the chemical contents of FeO
and Fe30, in copper slag, respectively, %.

Results and discussion
Analysis of pyrolysis process and reduction process

In experiments, copper slag, biomass and CaO were mixed
in a certain ratio. On account of the complicated compo-
nents of biomass and copper slag, the chemical reactions
are different at different temperature regions. In order to
find out the reaction processes of pyrolysis and reduction
temperature regions, respectively, thermodynamic calcu-
lations combined thermogravimetric curves are carried
forward. The productions of biomass pyrolysis mainly
include fixed carbon, condensable gas, volatile gas and ash.
Among these productions, volatile gas and condensable gas
are blown out by Ar, accompanying with decomposition
reactions. In consequence, the potential contributed
reductants to the reductions of copper slag are fixed carbon,
CO and H,. In copper slag, Fe element occupies the main
mass and it is in the shapes of Fe, FeO and Fe;O,.
Therefore, the reduction reactions of copper slag are the
reductions of FeO and Fes;O,.

Equations (3)—(8) are the main basic reduction reactions
involved in slag system. Multi-step reduction reactions can
be superposed by these basic reduction reactions.

(a)

(b)

Il Copper slag
I Biomass

43.48% [ CaO

43.48 % 43.48 %

 5652%

()

Copper slag

1 00'

Il Biomass
| SiO,

Fig. 2 Samples of TG experiments (B/S = 1:1, CaO/S = 0.3:1). a Mixture of copper slag, biomass and CaO; b mixture of SiO, and biomass;

¢ copper slag
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Table 4 The relationships of samples A, B and C in mass (B/S =1

:1; CaO/S = 0.3:1)

Samples

Total mass/mg

Copper slag/mg

Biomass/mg SiO,/mg

A 10
B 10
C 4.35

4.35
0
4.35

4.35 1.3 0
4.35 0 5.65
0 0 0

Equations (9) and (10) are gasification reactions between C
and CO, or H,0 that would take place in reduction reaction
system. And the gasification reactions take place above 947
and 973 K, respectively. The all possible gaseous products
of these reactions are CO, CO, and H,O, respectively. For
instance, the reduction of Fe;O,4 by fixed carbon is made up
with Egs. (3, 4, 6). By calculating the Gibbs free energy of
these reactions, we could make out the degrees of each
reaction at different temperature. As shown in Fig. 3,
changes of Gibbs free energy for the reduction by C
(Egs. 3, 6) are less than zero and far lower than that by CO
and H, (Egs. 4, 5, 7, 8), which means the driving force by
C is stronger. What is more, the reaction time of CO and H,
with copper slag was much shorter than that of fixed carbon
during the heating process. And it was also proved by
Sugata [29] that when CO gas was blown into molten slag
at a 15 times larger than the generation reaction rate of CO,
the reduction rate of iron oxide by CO gas was only about
5-10 % of that by solid carbon. Therefore, gasification
reactions (Egs. 9, 10) could be neglected and the main
reduction reactions in the experiment are the reduction of
copper slag with fixed carbon (Eqgs. 3, 6). The initial
reaction temperatures of reductions for FeO and Fe;0, are
992 and 959 K (Egs. 3, 6), respectively. From thermo-
gravimetric curves, the pyrolysis process of biomass and
reduction process of copper slag and fixed carbon are
represented in Fig. 4. When the temperature was under

—=—C + FeO =CO(g) + Fe

150 . —+—CO(g) + FeO = CO,(g) + Fe
- . —4—H,(g) + FeO = H,0(g) + Fe
1004 -\:\:\: . v—C +Fe,0,= CO(g) + 3FeO
Sy '\“: —+—CO(g) + Fe,0,= CO,(g) + 3FeO
SN —<—H,(g) + Fe,0,= H,0(g) + 3FeO
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Fig. 3 The Gibbs free energy curves of reduction and gasification
reactions in copper slag

100—I
90 1

80

TG/%

70

60

50

T T T T T T T
400 600 800 1000 1200 1400 1600
Temperature/K

Fig. 4 Thermogravimetric curves
B/S = 1:1, CaO/S = 0:1)

of sample (sample A, PE,

959 K, mass loss is caused by pyrolysis of biomass. And
when the temperature was above 1100 K, mass loss is
caused by reduction of copper slag by fixed carbon. The
pyrolysis process of biomass has been completed before
reduction process. In other words, there is no overlap
between the reduction and pyrolysis process.

C + FeO = Fe 4 CO(g) (3)
CO(g) + FeO = Fe + CO,(g) (4)
H:(g) + FeO = Fe + H,0(g) (5)
C + Fe;04 = 3FeO + CO(g) (6)
CO(g) + Fe304 = 3FeO + CO,(g) (7)
H,(g) + Fe304 = 3FeO + H,0(g) (8)
C + Hy0(g) = CO(g) + Ha(g) 9)
C + COx(g) = 2CO(g) (10)

Based on the thermo calculating and thermogravimetric
curves analysis above, the whole process of can be divided
into three stages:

(a) Drying and pyrolysis of biomass (<959 K). Drying
and pyrolysis of biomass with complicated reactions
take place in this stage. Hemicellulose, cellulose and
lignin depolymerize to monomer firstly, and differ-
ent kinds of radicals rearranged later, fixed carbon,
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ash and pyrolysis gas are generated at last. There is
an evident decrease on TG (mass loss) curve from
500 to 700 K and DTG (the rate of mass loss) curve
reached a peak at about 620 K.

(b)  Pre-reduction. From 959 to 1100 K, the recovery
rate of Fe in slag is extremely slow and traces of
Fe;0,4 are involved in the reaction (Eq. 6) and the
mass of sample declines slightly.

(¢) Reduction reaction. When the temperature is higher
than 1100 K, the rate of reduction increases and
reaches to stabilization gradually. In this stage, C
bond is broken and produces radicals for deoxida-
tion. Reduction of iron oxides in copper slag leads to
mass loss because the reducible oxygen in the
crystalline structure of iron oxides will escape as
CO. The reduction of copper slag is in the sequence
of Fe;04, FeO (Fe,Si0,4) and Fe.

Results of thermogravimetric analysis

Influence of the biomass types on the reduction ratio
of molten copper slag

Based on the proximate and components analysis, the
composition and fiber structure of three kinds of biomass in
this experiment are different. According to Fig. 5, with the
increase in the addition of biomass, the reduction ratio of
copper slag increases obviously. The results shows that the
order of reduction ratios from high to low in biomass type
is PE > CN > SW. Compared with CN and SW, PE pre-
sents the highest reduction ratio and the reduction ratios of
PE, CN and SW reaches to 80.6, 76.1, 60.0 %, respec-
tively, when the mass ratio of biomass/slag is 1:2. Based on
component analysis, the content of lignin in PE is highest,

100

S D ~ ® ©
o o oS O o O
1 1 1 1 1 1

Reduction ratio/%

30 1
20 A
104

0.5:1 11 2:1
B/S

Fig. 5 Effects of the addition and the types of biomasses on
reduction ratio
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compared with that in CN and SW. Gas yield from lignin is
lower than hemicellulose and cellulose, and the lignin is
the main component to produce carbon element during the
pyrolysis process [33]. For the reduction reaction of copper
slag, the ratio of C/O of PE is higher than that of CN and
SW under the same conditions.

Influence of heating rate on the reduction ratio of molten
copper slag

The heating rate can change the activation energy of
reduction reaction and reduction reaction time of copper
slag. The rise of heating rate can decrease the activation
energy of reduction reaction and promote the reduction rate.
Besides, the faster the heating rate is, the shorter the reac-
tion time would be. The heating rates of samples were 10,
20 and 40 K min~! in the experiment. As shown in Fig. 6,
with the increase in heating rate, the reduction ratio of
copper slag decreases. The extent of variation of reduction
ratio of PE and SW are greater than CN. And when the
heating rates changed from 10 to 40 K min ™", the reduction
ratio of copper slag for CN changes less than PE and SW.
Possibility, the fiber of CN is smaller than PE and SW, and
larger reaction surface area leads to faster reaction. There-
fore, the reduction reaction time for PE and SW should be
more than 50 min at least, which was longer than CN.

Influence of the CaO addition on the reduction ratio

Additives (CaO, MgO, SiO,, Al,03;, MnO, NiO, Cr,03)
have influence on the reduction of Fe,Os;, which was
investigated in details by Geassy, Nasr, Khedr,
Hessein et al. [34-37]. CaO has remarkable promotion
influence on the reduction of iron oxides for its better
combining capacity with SiO, in slag [5]. And as slag
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g. 6 The effects of heating rate on the reduction ratio
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Fig. 7 The effects of CaO addition on the reduction ratio of copper
slag
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Fig. 8 Conversion ratio curves of three kinds of biomasses (B/
S = 1:1, CaO/S = 0.3:1)

former, CaO is applied widely in smelting industry. CaO is
doped in sample, and the promotion of CaO in chemical
reaction rate for copper slag is studied in this article. Fig-
ure 7 reflects the effects of CaO addition on the reduction
ratio of copper slag. The total development trends of PE
CN and SW are identical. When the mass ratios of CaO/S
are 0.15:1, 0.3:1 and 0.45:1, the reduction ratios of copper
slag are enhanced in varying degrees. With the increase in
CaO addition, the reduction ratio of copper slag increases
and then declines and it reaches a peak at 0.3:1. Based on
the coexistence theory of slag structure, CaO participates in
Reactions (11-13) and promotes Reaction (14) to move
backward, which promotes the separation of Fe and SiO,
sequentially. The separation of them is a favorable condi-
tion for the reduction of copper slag. However, when the
addition of CaO is excessive, CaO exists as insoluble phase
and it adds the viscosity of molten slag. Consequently,

-12

—14

—-16 4

—181

—20

In(G(e)/(T?))

—224

24 5

00008 00009 0.0010  0.0011

T-1/K-"

0.0006  0.0007

Fig. 9 Curves of linear regression of different models (PE, >100
mesh number, 20 K min_l)

excessive CaO worsens the dynamic condition of reactions
in molten slag.

Ca’" 4+ 0° + Si0, = Ca0-Si0;,
2(Ca®" + 0%7) + Si0, = 2Ca0-Si0,
3(Ca’* +0°") + Si0, = 3Ca0-SiO,
2(Fe’* 4+ 0°7) + SiO, = 2Fe0-SiO,

Kinetics analysis

Non-isothermal and isothermal kinetics study methods
were carried out on the rate and mechanism of gaseous and
solid reduction of iron oxides. Avrami-Erofeev Equa-
tion model, nucleation and growth model, phase boundary
chemical reaction model and diffusion model were deter-
mined in different periods for the reduction of iron ore
oxides [14-17]. In this paper, based on Coats—Redfern
method [38], the kinetics of reduction could be described
as follows:

W ()

= (15)

The conversion ratio o, reaction rate k and heating rate f3
are expressed as follows:

o mgy — my
o — (16)
E
k exp( RT) (17)
dTr
=— 18
p=G (19)

Equation (15) can be converted to:
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Table 5 Reaction kinetics models

Models Symbol Rate equation f{o) Reaction mechanism equation G(o)
One-dimension diffusion D, 120 o

Two-dimension diffusion (cylindrical symmetry) D, [—In(1 — )] 7! o+ (1 —a) In(1 — a)
Three-dimension diffusion (cylindrical symmetry) D; G2 = ™ = 177! 1— 2R3 — (1 — a)*?
Three-dimension diffusion (spherical symmetry) D, 3/2)a — 1)2/3[1 — (1 — oc)m]*] [1-0 - oc)m]2
Random nucleation (n = 1) A 1 —a —In(1 — &)

Random nucleation (n = 2) A, 2(1 — a)[=In(1 — o)]"? [—In(1 — a)]"?

Random nucleation (n = 3) As 31— o) —In(1 — )] [=In(1 — o]
Shrinking core (cylindrical symmetry) R; 2(1 — )2 11— — o)
Shrinking core (spherical symmetry) R, 31 — a3 1-0 - oc)” 3
Shrinking core (n = 2) R; 12(1 — &)~} 1— (1 — o)

Shrinking core (n = 3) R4 173(1 — o)~ 1-(1 -0

Shrinking core (n = 4) Rs 1/4(1 — a)~3 G

Chemical reaction (n = 3/2) C 2(1 — a)*? 11— '?

Chemical reaction (n = 2) C, a - a)? a1-o) =1

Chemical reaction (n = 3) Cs a1 -oa? 1201 — )2 = 1]

of samples at 1723 K for 30 min, respectively. Reduction

107 pose = S i B o= g?‘,‘j:j;f'f!'j’j D1 reaction happened in heating period and constant temper-
097 (A *=~r;,,;,,,ij:f\a/f\:/f\\‘,_;»'? - ED>§ ature period. The dynamic kinetics is calculated in heating
084 -\ 7\5 /F N ¥/ D4 period (1100-1723 K).
0.7 <A . Then by integrating Eq. (17), we can get:
0.6 ' o a T
: do A E
N 0.5+ —+—R2 - _
g - Glo)= [ —= /—exp (— —) dr (20)
0.4 ~ e ) f() ) B RT
0.3 R5
0'2 ,.,g; For convenient, the term of u = E/RT is introduced:
“] c3
T 0
0.1
A E E
00+——T—7T T T T T T T T T T T T T T T T /_exp(__>dT___/euu2du
0123456 7 89 1011121314 1516 17 18 oﬁ RT Ru
Serial number of experiments E 5
~ _ = 2 —u
Fig. 10 Curves of R-square of different models (PE) ~ R <l M) we [38} (21)
G AR 2RT E
In (@) ~ln|—(1—-——|| ——= (22)
T2 PE E RT

de A E
%Bexp<ﬁ>dT (19)

where o is the conversion ratio, %; mg m; and m are the
sample mass at the start, the end and at time t respectively,
g; k is the chemical reaction rate constant; f3 is the heating
rate, K min™'; f(o) is the mechanism function; A is the pre-
exponential factor, min~'; E is the activation energy,
kJ molfl; and R is the wuniversal gas constant,
kJ mol =" K.

As we can see from Fig. 8, the trends of conversion ratio
curves for three kinds of biomasses are consistent. Con-
sidering the restriction of apparatus on temperature, the
samples were heated from 298 to 1723 K at a heating rate
(20 K min~" in Fig. 8) and kept the reaction temperature

@ Springer

As the term of 2RT/E is far less than 1 and can be
neglected, Eq. (22) can be simplified as:

G(a) AR E
In ~Inl—| ——

)= (G) -
As calculated above, the relationship between T and G(o)/
7% in Eq. (23) is transformed into a linear function.
According to Fig. 9, by linear fitting of 15 mechanism
functions in Table 5 [39], the linear correlation coefficient
R? and regression square sum RSS are obtained. Compared
with other models, the relevance of D1, D2, D3, D4, Al,
R1 and R2 are above 0.98 as shown in Fig. 10. The serial
numbers of experiments in Fig. 10 are named by the

(23)
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Table 6 The RSS of the different mechanism models for reduction of copper slag

B/S 0.5:1 1:1
(a)
CaO/S 0:1 0.15:1 0.3:1 0.45:1 0:1 0.15:1 0.3:1 0.45:1
Heating rate/K min~"' 20 20 20 20 20 20 20 20
D1 169.94 77.48 70.44 108.08 75.44 120.64 84.54 261.86
D2 201.51 123.27 84.39 160.76 87.13 128.17 65.82 231.70
D3 217.88 147.87 96.00 189.16 96.98 136.59 62.10 224.47
D4 258.02 209.33 130.52 260.53 126.08 166.37 62.25 224.54
Al 77.23 72.78 46.52 89.71 42.96 53.45 17.89 60.27
R1 52.58 33.25 22.89 43.06 23.47 31.76 16.03 54.80
R2 59.09 43.51 28.19 55.09 27.87 36.16 15.14 53.72
B/S 2:1 1:1
(b)
CaO/S 0:1 0.15:1 0.3:1 0.45:1 0.3:1 0.3:1 0.3:1
Heating rate/K min~' 20 20 20 20 10 20 40
D1 230.96 382.30 239.04 330.23 124.64 84.54 171.16
D2 170.52 318.50 178.72 281.15 117.83 65.82 135.74
D3 151.34 297.03 157.18 267.81 124.30 62.10 124.02
D4 123.59 274.70 122.51 287.18 162.40 62.25 105.81
Al 28.51 70.09 24.97 112.36 65.89 17.89 25.08
R1 41.19 73.34 42.38 64.21 29.94 16.03 34.78
R2 35.03 68.13 35.19 67.38 35.92 15.14 30.66
0s o5 (- )e0 -0 24)
o8- kol oK
074 b borimental curve of PE where E; and A; are activation energy and pre-exponential
* + Experimental curve of SW factor in different conditions, respectively. The results of
S 0.6 1 Model curve of SW R )
= dynamics model parameters are shown in Table 7. On the
% 0.51 one hand, as discussed above, the addition of CaO could
T04 promote Reaction (14) to move backward, which acceler-
gos- ates the separation of Fe and SiO, sequentially; on the
°- other hand, the addition of biomass and CaO increases slag
0-21 viscosity and changed dynamical condition to some extent.
0.1+ Due to the effects of the separation of Fe and SiO, and
00 changes of viscosity, the effects of CaO on the kinetic

900 1000 1100 1200 1300 1400 1500 1600 1700
Temperature/K

Fig. 11 Comparison between the model and experimental curves of
CN, PE and SW under 20 K min~'

sequence of experiments in Table 6a. And as shown in
Table 6, the RSS calculated results of R1 model are lower
than others.

Based on the calculations of fifteen chemical mechanism
functions above, the reduction reaction of copper slag by
biomass is confirmed well with shrinking core model (R1).
Therefore, the kinetic equation is established as:

parameters are not in order clearly. With the increase in
addition of biomass, the activation energy of reactions
increases gradually. And similar to the pyrolysis of bio-
mass, with the increase in heating rate, the activation
energy of reduction reaction by three kinds of biomass
decreased gradually.

In order to verify the accuracy of calculation results,
comparison of conversion ratio between the model and
experimental curves is discussed as shown in Fig. 11. As a
whole, the conversion ratio calculated by R1 model
achieves high conformity with thermogravimetric experi-
ments results. With the increase in temperature, the
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Table 7 The results of reduction dynamics model parameters of
copper slag

1

B/S CaO/S  Heating rate/K min~'  E/kJ mol™'  A/min~
(a) CN
0.5:1 0:1 20 53.41 1.1773
0.15:1 20 50.31 0.9544
0.3:1 20 53.93 1.9226
0.45:1 20 48.45 0.9447
1:1 0:1 20 64.48 3.7559
0.15:1 20 57.65 2.3443
0.3:1 20 51.92 1.5461
045:1 20 50.27 0.9957
2:1 0:1 20 59.79 2.8913
0.15:1 20 60.15 3.3061
0.3:1 20 64.14 5.7917
0.45:1 20 61.80 4.9882
1:1 0.3:1 10 68.81 3.6006
20 51.92 1.5461
40 44.03 1.0959
(b) PE
0.5:1 0:1 20 45.03 0.5237
0.15:1 20 49.10 0.8792
0.3:1 20 45.00 0.6608
0.45:1 20 49.70 0.9750
1:1 0:1 20 52.02 1.1104
0.15:1 20 56.03 2.0624
0.3:1 20 53.49 1.4565
0.45:1 20 65.98 5.6257
2:1 0:1 20 62.54 3.8937
0.15:1 20 74.38 13.6928
0.3:1 20 60.10 1.9609
0.45:1 20 84.59 54.6791
1:1 0.3:1 10 64.00 2.5970
20 53.49 1.4565
40 47.99 1.3229
(c) SW
0.5:1 0:1 20 47.76 0.8190
0.15:1 20 53.01 1.1280
0.3:1 20 52.76 1.0449
0.45:1 20 50.33 0.9167
1:1 0:1 20 56.68 1.5994
0.15:1 20 62.18 2.9017
0.3:1 20 60.24 2.6620
0.45:1 20 55.23 1.9415
2:1 0:1 20 61.99 3.1208
0.15:1 20 65.76 5.6687
0.3:1 20 70.53 9.7846
0.45:1 20 69.92 9.9316
1:1 0.3:1 10 73.20 9.8340
20 60.24 2.6620
40 53.18 2.1586
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conversion rate of reduction increases gradually. When the
temperature is between 1400 and 1500 K, phase transition
of copper slag causes the short increase in conversion rate
and return to normal level after.

Conclusions

The results obtained in this work indicate that biomass
would be a potential good reductant for the reduction of
copper slag. During heating process, the reduction reaction
of copper slag and biomass can be divided into three
stages, drying and pyrolysis of biomass process (<959 K),
pre-reduction process (959-1100 K) and reduction reaction
process (>1100 K).

Compared with CN and SW, PE had the largest reduc-
tion ratios and the reduction ratios of PE, CN and SW
reached to 80.6, 76.1, and 60.0 %, respectively, when the
mass ratio of B/S was 2:1. CaO had promotion effects on
the reduction reaction. With the increase in CaO, the
reduction ratio of copper slag increased firstly and reached
a peak when CaO/S was 0.3:1, and then it declined due to
the increase in viscosity. The reduction reaction of copper
slag by biomass confirmed well with shrinking core model
(R1). The activation energy of reactions increased gradu-
ally with the increase in biomass. With the increase in
heating rate, the activation energy of reduction reaction
decreased gradually. On account of the separation of Fe
and SiO, and changes of viscosity of molten copper slag
affected by CaO, the effects of CaO on the activation
energy are not in order clearly.
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