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AB STRACT

A technique comprising coa l-based d irec t red uct ion foll owed by magne tic se parat ion was pr esent ed to
recover iron a nd cop per fr o m co pper s lag flo ta tion tail ings . O pt im al proce ss para met ers , s uch a s r e

ducta n t and add it ive ra tios, redu ction tem perat u re , and redu ction tim e , were ex perime nta lly de ter

m ined and found to be as foll ows: a lim eston e ra t io of 25 %, a bitu mit e ra t io of 30 %, and red uc t ion
ro as ting at 1 173 K for 90 min. U nd er t hese conditi ons, copper-b earing iron powders ( CIP ) w ith a n

iro n cont ent of 90, 11 % and co pper content of O. 86 %, ind ica ti ng iron and co pper reco ver ies of
87 , 25% and 83 , 11 % re spectively , we re effectively o btained. Scanning elect ron m icroscopy and ener 

gy dispe rs ive spectrosco py of t he CIP reveale d t hat some t iny co pper par t icles we re em bedded in me ta l
iron and some cop per formed alloy wit h iron , w hich was difficult to achieve t he sep ara tion of t hes e

t wo me ta ls. Thus, t he copper we nt int o ma gne tic produ ct s by ma gne t ic se para tion, Adding copper in
to t he steel can produ ce wea t he ring steel. T herefore , t he CIP can be used as an inexpensive raw ma te 

rial for we a t heri ng s teel.

1. Introduction

Copper is an im portant raw m at erial in econom ic
dev elopment, and in cr easing demands fo r the m et al
both in Chi na and abroad hav e ca us ed the copper in 
dustry to expand sign ificantl y in recent years. C hi na
is one of the m ost important co ppe r producers and
consu mers th ro ug ho ut the world ; the cou ntry pro
duces a to n of refined co pper for eve r y nearly 2 - 3
tons of co pper slag disch arged . Thus, over 15 mil 
lio n tons of conver te r copper s lags a re produced each
yea r l!", The copper in these s lags is preferen tia lly
reco vered by flo ta tion w it h a che m ical agen t. How 
eve r , the residual so lid wastes which are ca ll ed cop
pe r tai lings in th is pap er a re st ill di scarded as waste
in large qu antit ies. These copper tailings requir e
la rge areas of land to store and re duce the a rea of
usable fa r m la nd[2-4]. The const r uc t ion and m ainte

nance of copper tailing disposal si tes has also in 
creased the pro duc tion cos t of s teelmak ing pl ants.
Even m ore problematic for environ men tal reasons is
the rel ease of che m ical re agents , s uch as xanthate
and a lkaline oxides , fr om these s to rage si tes , wh ich

., Co rrespo nd ing aut hor. P ro f. , P h. D.
E-m ail add ress i noan.. lzllajllll @bjj zq .com cn.s. W all" ) ,

could cause serious pollutio n of th e soi l and water [5,6].

Al though the tota l iron con ten t in copper tailings
is re lative ly hi gh, its re covery has no t been devel
oped becau se tail in gs con ta in large amounts of
chem ica l re age nts and are com posed of a com plex
m ixture of m in eral s. The particl e size of ferrou s
m in eral s in copper ta ilings is usuall y small , and
their co mposi t ions are also co rnp lica tedI?". Obtai 
ning h igh-grade iron concen tra te di re ctly is di ff icult
to ac h ieve us in g t rad it ional m in eral processin g t ech
niques[lO,ll]. Coal- based dir ect reduct ion fo llo w ed by

m agneti c sepa rat io n has been demons tra ted to be an
effe ct ive m ethod for ir on recov ery fr om solid
wastes. Several resea rch ers have in ves ti ga ted the
production of di rect re d uct ion iron powder (DRIP)
fr om red mud[12] , iron ore tai lings[13] , vanadi um
tailings[ll ] , cyanide ta ilings[15] , oil y ho t ro lling m ill
sludge[16] , nick el m et allurgical slag[17] , bl ast fur 

nace gas as h[18] and so on by usin g coal-based dir ect

re du ct ion follo wed by m agne ti c se paration. In th is
p rocess, so lid wastes m ixed wi th a red uctan t and
addi tives ar e reduced to m etalli c iro n , aft er which
the roasted ores are gro und and separated by m ag-
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Fig. 1. XRD pattern of flot at ion tailings.

ings are illustrated in Fig. 2. Fig. 2(a) shows the SEM
image of the copper tai lings and Fig. 2(b-e) provides
detai led EDS analyses of points 1 - 4 in Fig. 2 (a) . The
main copper minera l is copper matte (Fig. 2 ( b) ) ,
most of which is dispersed in th e faya lit e (Fig. 2 (c) ,
magnetite (Fig. 2 (d», and hedenb ergite (Fig. 2 ( e ) )
as small beads. Thes e results illustrate t he difficulty
of recovering copper and iron th roug h traditional
separation processes.

Bituminous coal was used as the reduct ant. The
industrial ana lysis results of the bitumite show con
tents of 56. 41 % fixed carbon , 30.12 % ash, 11. 62 %
vol ati le matter, and 1. 85 % moisture. The bitumite
was crushed into particles under 2 mm, and lim e
stone, as an additive, was crushed into particles und er
O. 5 mm. The composi tion analysis of the lim es tone
is shown in Table 2.

2. 2. Principles

For copper tailings, the purpose of coa l- ba sed di
r ect reduction is to reduce ferrous minerals and cop
per mattes to m etallic iron and m etallic copper, re
spec tively. The r eaction m echanism is expr esse d via
the following equations[24.z5J :

C(s) +CO,(g) =2CO(g) (1)
F e30 4+ CO ( g ) = 3F eO+ CO z(g) (2)
FeO +CO(g) =Fe+C02(g) (3)
Fe,SiOI + CaC0 3 + CO ( g ) = 2Fe+

c-sio, + 2CO z(g) (4)
F e, SiOI + 2CO ( g ) = 2Fe+SiO, + 2CO z(g) (5)
CuS+CO(g) + CaC0 3= C u + CaS + 2CO z(g) (6)
The calculated thermodynamic results for Eqs, (1) -

(6) are shown in Fig. 3 to rev ea l t he relationship be
tween /:::,.C o and tem pera t ure. The ov erall reduction
rate for coal-based direct reduction was revealed to
be mainly con t roll ed by the gasi fic ation reaction
rate, i. e. , the Boudouard reaction (Eq. (1) ) [Z6J.

Taking Eq. (2) as an exam ple , the relationship be
tween reduction rate and other pertinent parameters
is shown in Eq. (7) [' 5J :

R' r opo
ttl = A exp( - E o/RT)K XM, + 3D , [ 1/ 2 -

1/3R ' -1/2(1 -R ') Z/ 3 J (7)

I - Magnetite
2- Fayalite
3- Hedenbergite

2

150

200

2. 1 . Materials

Table I
Multi-clem ent analysis of copper ta ilings (mass %)

TFe Cu SiO, Al, O, CaO MgO K,O Na,O

12. 20 0. 39 32.66 3. 20 1.16 5. 93 0.1 7 O. 33

MnO TiO, Ph Zn Co P S As

0.071 0. 22 0. 22 1. 55 0.011 0.071 0. 39 O. 07

The copper tailings used in the study were residual
slags obtained after copper recovery from copper slag by
flotation. M ul ti-element analysis resu lts of the cop
per tai lings are shown in Table 1. The total iron
content of the slag was approximately 42. 20 % , and
the tai lings included abou t 0.39 % Cu. The copper
ta ilings in the experiments were ground to 80 wt . %
passing O. 074 mm. The index of basicity, R = (WCaO+

WMgO)/(W Si02 + WII!2 0' ) ' was 0.29, which indicated
that the copp er tailings could be considered as acid slag .

netic separation to produce DRIP. T he DRIP prod
uct obtained from this process generally contains
m ore than 90 wt. % F e and may be us ed as a substi
t ute for s teel scrap in elect r ic arc fur naces for s teel 
makingl!"",

Adding copper to s teel can produce w eathering
s teel with improved corrosion resistance, strength,
fa tigue resistance, weldability, and toughness[Zo.21J.

T he content of copper in wea t hering steel is genera l
ly less t han O. 6 wt. % [Z2J . Because of its good resis t 
ance to a tm ospheric corrosion, weathering steel is
widely used in ships, bridges, rai lways, pipeline,
and other important areas[Z'. ' 3J. The present work

t hus aims to recover iron and copper simultaneously
from copper tailings by using the coal-based direct
reduction-magnetic separa tion technique. H ere,
copper and iron minerals are reduced. After grinding
and magnetic separation, copper-bearing iron pow
ders (CIP) are obtained. This CIP cou ld be used as
an in expensive raw material for smelting weathering
s teels. In this s tudy , the effe cts of reduction condi
t ions , such as additive and reductant ratio, reduc
t ion time, and reduction temperature, on the quali
ty of the CIP produced were inves tigated.

T he X-ray diffraction (XRD) pattern of the cop
per tailings is shown in F ig. 1. The main iron miner
als in the slag include fayalit e (FezSi04 ) and mag
netite (Fe30j). P ea ks of copper minerals are not de
tected in the tailings, likel y because of their low
copper content. The gangue mineral is hed enbergi te.
Scanning electron microscopy (SEM) and energy dis 
persive spectroscopy (EDS) images of the copper tai l-

2. Experimental
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( a) SEM image of copper ta ilings ; ( b) EDS image of point I ; (e) EDS image of point 2 ;
(d) EDS image of point 3 ; (e) EDS image of point 4.

Fig. 2. SE M and EDS imag es of co pper ta il in gs .

"

100000 ,-- - - - - - - - - - - - - ----,

Eq, (7) demonstrat es that the paramet ers influen 
cing coal-based direct reduction are reduction tem
pera ture, reduction t ime, and ca rbon ra tio . A ccord
ing to Fig. 2, additi on of CaC03 is beneficial to the
reduction of cop pe r m attes . Furthermore, compari
son with the !:::.G o for Eq. ( 5) at reduction tempera
tures above 900 K indicated that addition of CaC0 3
ca n p romote the red uct ion of fayalit e via Eq. ( 4).
Theref ore, limestone ratio, bitumit e rat io, reduc
t ion t im e , and red uct ion tem pe ra tu re a re m ain fac
to rs cont ro lling the extent of coa l-based direct re
duct ion of copper tailings, and sho uld be expe r imen
tally det ermined .

2. 3 . E x p er imental m ethods

The coppe r tailings ( 20 g) were thoroug h ly blen
ded with limestone and bitumite, to prod uce a mix
ture ore. The ratios of limestone and bitumite ap
plied in th is work refer to the proportion of the ir
m ass to the coppe r tai lings and we re expressed as a
percentage. The mixture ore was pl ac ed in a gra phite
cruc ib le tha t was moved in to a muffle furnace cha m 
ber a t a set t emperature for a set time. The ro asted
or e w as cool ed to ro om temperature and s ubject ed to
two s ta ge s of grinding-magneti c separa tion . Grind
in g w as conducted in a rod mill (RK /BM-1. OL,
Wuhan Ro ck Crush &. Grind Equipment Manufac
t urin g Co ., L td., China) a t a spe ed of 289 r/min.
The ro asted ore was ground to abo ut 85. 00 wt. %
pas sing 0.074 mm at the firs t grinding s ta ge and
then to a bout 90 . 00 wt. % passing O. 04 3 mm at the
second gr inding stage. An XCGS-7 3 m agnetic tube
wi th a m agneti c field inten sity of 111 kA lm was
us ed to recov er m etalli c iron. The r esulting m agnetic

"
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Data wer e obtained using HSC 6. 0 softwa re.
Fig. 3. Correlation of st andard free ene rgy ( t.G O) with tem perat ure
for Eqs. (1) -(6) .

where, I Ii is the time of F e3O J reduction, s; A is
the re action cons ta nt ; R ' is the reduction ra te de
fin ed as the percentage of the oxides reduced, %; K
is the equilibr iu m constant of the iron reduction re
ac tion ; M e is the weight ra tio of coa l , %; E o is the
act iva t ion ene rgy , ] . mol - 1

• K - 1
; R is the ide al

gas constant , 8. 314 ] . mol - I. K - 1
; T is the te m 

pera ture, K; r o is the g rain radius when reduction
rate is R I , mm; po is the oxygen contain ed in F e3O J
initially, mol, m - 3; and De is the diffusion coeffi 
cien t in the solid phas e, m ' . S - l .

Table 2

Co m position ana lysis of limestone (mass %)

CaO MgO SiO, AI, 0 3 Fe, 0 3 P S
Ignit ion

loss

47.89 4.96 2. 72 2. 09 0.62 0.005 O. 062 41. 81
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3. Result s and Discussion

Fig. 5. Effect s of lim estone ra tio on dir ect redu ction and
magneti c se para tion.

3.1. Effects of limestone ratio on direc t reduction
and magnetic separat ion

The effe ct of lim es tone ratio on the direct reduc
tion and magnetic se para t ion of copper tailings was
investigated. The expe r imen ts w ere performed at a
reduction temperature of 1473 K, reduction time of
90 min, and bitumite ratio of 20 % . The experimental
results a re shown in Fig. 5.
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products were referred to as the CIP and the non
magnetic products w ere referred to as tailings. In
thes e exper imen t s , the tailing yield was about 45 %
and the CIP yield was about 55 % . A process flow
sheet describing the direct reduction and magnetic
separation of the copper tailings is shown in Fig. 4.

Fig. 4. Process flow shee t of di rect redu ction and magnet ic
separation of copper tailings.

The total iron content, iron recovery, copper con
tent, and copper recovery of the CIP were used to
determine the effectiveness of direct reduction fol 
lowed by m agnetic separation. The iron and copper
re covery was calcula ted using Eqs. (8) and (9) .

M cFe
F , = M F X 100 % (8)

t t

M eCc'C = - _ . X 100 % (9)
' M ,C , 0

where, F , and C , a re the Fe and Cu recoveries, re 
spectively; M e and M , are the m as se s of CIP and the
copper tailings, respectively; F e and F , are the iron
contents of CIP and the copper tailings, respective
ly; and C c and C, are the copper contents of CIP and
the copper tailings, respectively.

2. 4 . Analysis and characterization

Multi-element an alyses were cond uc ted at the ana
lytical labora to ry of China U niversity of Geosciences
(Beijing). XRD (Rigaku DMAX-RB, J ap an) using
CuKu rad iation and a secondary monochromator was
applied to identify the phases formed in the product,
and samples were scanned over the 28 range of 10° to
100 °. SEM with EDS (Carl Zeiss EV018) was car
ri ed out on the roasted ores by mounting in epoxy
resin and polishing.

Fi g. 5 demonstrates that the variation trends of
the content (or recovery) of iron and copper are sim
ilar. The iron and copper recoveries of the CIP in 
cr eased from 75.68 % to 77 .23 % and from 75.73 %
to 83. 19 % , respectively, as the lim es tone ratio in 
cr eased from 15 % to 25 %. As the limestone ratio
was further increased from 25 % to 35 % , iron and
copper recoveries showed slight decrease. The iron
and copper contents of the CIP de creased from
93.17 % to 87 . 97 % and from 1. 02 % to o. 75 %, re
spectively, as the limestone ratio increased from
15 % to 35 %. It is be cause CaC03 in the limestone
can promote the reduction of iron oxide and copper
mattes, FeO content in the sla g wi ll reduce and less
low melting point materials will form which in turn
improve the melting point and viscosity of the
slag[27J. As a result, the diffusion of mass in the slag
is limited, and thereby the growth and aggregation
of metallic iron and copper is hindered in the reduc
tion ro asting process. This mechanism m ay explain
why the iron and copper contents of the CIP de
crease with increasing limestone dosage. Increased
limestone us age can also increase the impurities in
the products, thereby deteriorating the conditions
required for the solid-solid re action between miner
als and the reductant in the reduction system. Thus,
the iron and copper recoveries show a slight decrease
at limestone ratios are beyond 25 % .

The results above demonstrate that the lim es tone
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The effec t of reduction time on the direct reduc
tion fo llowed by magnetic sep aration o f copper tail 
ings was investigated . T he expe r imen t s w ere per
fo rmed a t a red uction tem pera t ure of 1473 K, bi t u
m it e ratio of 20%, and lim es tone ra tio of 25 % . T he
experimenta l res ults a re shown in Fig. 6.

ra ti o exer ts a great influen ce on the re duc tion of cop
pe r ta ili ngs . T he opt imal lim eston e rat io determined
in t his expe r iment is 25 %.

3.2 . E f f ect s of reduct ion tim e on direct red uction
an d magnetic sepa rat ion

magneti c se pa ration.
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The effec t of reduction temperatures ranging from
1173 to 1 573 K on the direct reduction fo llowed by
m agnetic se pa ra t ion of coppe r tailings was investiga
ted . T he exper imen ts were performed under a lim e
ston e ratio of 25%, reduction time of 90 min, and
bitumite ratio of 30 % , and the ex pe r imen tal results
are shown in Fig. 8.

3.4 . Effects of reduct ion tem p erature on d irect re 
du ct ion and ma g netic sepa ra t ion

E ffect o f reduction t ime on d irect red uction andFi g. 6.

As shown in Fig. 6 , increas ing the reduct io n time
benef it s iron and copper recover y of CIP , because
prolonging t im e is beneficial to t he reduction of iron
and copper minerals . Iron and copper minera ls can
be fully red uced w hen red uct ion las t s for 90 mi n.
F ur ther in creas es in reduction time do not signi fi
ca ntly im p rove the ir on an d copper g ra des obtaine d
and requi re m ore ene rgy to m aintain. Therefore, the
op t im u m red uction time is 90 m in.

3. 3 . Effects of bit u m ite rat io on d irect reduct ion
a nd m a gnet ic sepa ration
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T he effec t of bitum ite rat io on the dir ect reduction
fo llowed by m agnetic separa tion of coppe r tai lings
was investigat ed . T he experiments w ere performed
a t a reduction t emperature of 1473 K , lim es tone ra
ti o of 25%, and reduction time of 90 min. The ex
perimental result s a re shown in Fig. 7.

As shown in Fig. 7 , the iron and co ppe r recoveries
of CIP in cr eased rapidly as the bitumite ratio in 
creased fr om 10% to 30 % but leveled off above
30 % . T he iron and copper contents of the CIP
ch anged m in im all y during this period. When t he bi
tumite ratio excee ded 30 %, the iron and copper re 
coveries of CIP tended to rem ain st able , lik el y be
cause the qu anti ty of coal av ailab le was sufficient for
direct reduc tion. Moreover , excess bit umite addit ion
result s in m ore coal ash. T hus , a bitu mi te rat io of 30 %

Fig . 8 . Effect of reduction te m pe rat ure on d ir ect reduction
a nd m agneti c se pa rat ion.

As shown in Fig. 8 , the copper recov ery of CIP in 
cr eased graduall y and its iron recovery in cr eas ed sig
nifi cantly fr om 30.31% to 87. 25 % as the reduction
temperature increased fro m 1173 to 1 473 K. Fig. 3
demons trat es that the t::.C B value of Eq. ( 6) is low er
than those of Eqs, (2) -( 4) a t 1 173 K. Therefore,
reduct ion o f CuS is easier to achi ev e than reduction
of Fe2SiO, and F e304 at 1173 K. Further in creases
in temperat ure decrease the va lu e t::.C B in Eqs. (2) 
( 4) , which m eans that the reduction of F e2Si0 4 ,

F e30 , , and FeO become ea s ier. T hus , iron recovery
increas ed sharp ly fr om 1173 to 1 473 K.

When the tem perature was 1573 K , iron recov ery
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showed a slight decrease. The copper content of CIP
decreased from 1. 54 % to O. 84 % and its iron con
ten t increased from 70. 59 % to 91. 45 % when the
temperature ranged from 1 17 3 to 1 573 K. H ig her
temperatures are beneficial to the formation of a
mol ten phase, and the molten structure of the roast 
ed ore accelerates the migra tion rate of m etallic iron
and copper particles and improves particles growth'F'".
After grinding, la rger iron and copper particles are
libera ted from the tailings. The lib eration copper
would fa ll into the tai lings through m agnetic separa
tion. So the iron content of CIP in creases whi le its
copper content decreases. Reduction of iron minerals
is suppressed by decreases in the diffusion rate of
the reductive gas in t he molten phase. Thus, iron
recovery decreased at 1 573 K. Considering t hat tem
peratures exceeding 1473 K yield less-opt im al
effects and cause more energy consumption, the op 
timal reduction temperature appea rs to be 1 473 K.

T he op timum conditions determined by the expe r 
iments are as follows: limestone ratio of 25 % , re
duction time of 90 min, bitumite ratio of 30 % , and
reduction tem pera t ure of 1 473 K. U nde r thes e con
ditions, CIP with an iron content of 90. 11 % and

copper content of O. 86 % , indica ti ng iron and copper
recoveries of 87. 25 % and 83. 44 %, resp ectively, were
obtained. R esult s rev ea l tha t the iron and copper In

the copper tailings w ere effe ct ivel y recovered.

4. Product Examination

4. 1 . Microstruct ura l analysis of Cl P

The microstructure of t he final CIP product ob
tained under optimum conditions is shown in Fig. 9;
Fig. 9 (b) shows a m agnified view of the area marked
by the box in Fig. 9 (a). The coarse gr ay phase (point
A) and the bright phase (point B) in F ig. 9(b) were
observed by EDS and found to be iron-copper alloy
(Fig. 9(c» and copp er (Fig. 9(d», respectively. Thus,
the CIP consisted of iron-copper a lloy and copper,
which illustrates that t he iron and copper w ere eff i
ciently recovered. The resu lts in Fig. 9 confirm that
the primary copper mattes have been reduced to
m etal copper, which mainly exis te d in t he iron phase
and as tiny copper particles em be dde d in the iron
m etal. The result indicated that separation of these two
metals wa s difficult. Thus, th e copper goes into mag
netic products by low intensity magnetic separation.

4.0 (e)
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~
Fe

.~ 2.0

..5

1.0

o 2 4

Fe (d)

1.0 Cll

0.8

0.6

0.4
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Encrgylk cV

Cll

8 10

(a ) . ( b ) SEM im ages of elP;

Fig. 9.
(e) EDS im age of point A ; (d) EDS im age of poin t B.

SEM and EDS imag es of ClP.

4.2. Mult i-element analysis of cir
The multi-element ana lysis results of CIP are

shown in Table 3. The product contained 90.11 % Fe,
0.86 % Cu, and low traces of impurities and harmful
elements. These resu lts demonstrate that coal-based
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Table 3
Multi-clem ent analysis of e IP (mass %)

TFe C u SiO , Al,O, CaO MgO K,O Na, O

90. 11 0. 86 3. 12 1. 90 1. 92 1. 38 0.01 O. 26

MnO TiO, Pb Zn Co P S As

0. 20 0.055 0.002 0.007 0.025 0.087 O. 026 0. 00 2

direc t re d uc tion fo llowed by magnetic separation can
recover iron and copper fro m copper tailings and
yield CIP. T he CIP obtained can be used as an in ex
pensive raw m at er ial for w ea t hering steel.

5. Conclusions

(1 ) The copper tai lings were assayed and fo und
to be composed of 42. 20 % Fe and O. 39 % Cu . T he
main ferro us minera ls in t he copper tai lings were
fayalite and magnet ite, whi le the main copper min 
eral was copper matte, most of which was dispersed
in the fayali te and magnet ite as small bead s that
were diffi cul t to recover through trad itional se para
tion processes.

( 2 ) Coal-based direct re duction foll owed by mag
netic separation allows uti lizat io n of copper ta ilings
and yields CIP as a product. Limestone rat io, reduc
t ion ti m e , bitu mite rat io , and reduction tempera ture
w ere the m ain fact or s influencing CIP. T he op ti mum
conditions determined by t he expe r imen t s w ere as
fo llows: a lim es tone ratio of 25 %, a bit u m it e ratio
of 30 % , and reduction roasting at 1473 K for 90 min.
U nder these conditions, CIP wi th an iron cont en t of
90. 11 % and copper content of O. 86 %, indica ting iron
and copper recoveries of 87.25 % and 83.44 %, re
spectively, were eff ect ivel y ob tained .

( 3) T he morpho logical characteris tics of the cop
per and iron in the CIP rev ea led tha t so m e t iny cop
per part icles were embedded in the iron and some
copper form ed alloy wit h iron , which was difficu lt to
achieve the separation of these two meta ls . Thus,
the copper went into magnetic products by low in 
ten sit y magnetic separation. Multi-elem ent analysis
of CIP indicated t ha t a high-qual it y product was ob 
tained. This CIP could be us ed as an in expensive raw
material fo r we at hering steel.
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