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Abstract: Boron-bearing magnetite concentrate is typically characteri zed by low grade of iron and boron ( W TF, = 51%
54 %, WIl203 = 6%- 8 %) , as well as the close intergrowth of ascha rite phase and magnetite phase. A promising

technology was proposed to se parate iron and bo ron by coupling th e direct redu ction of iro n ox ides and Na ac tiva tion

of boron minerals to gether. The influen ce of Na 2C03 as addit ive on th e direct re duc t ion of bo ron -b earin g magn etite

was st udi ed by ch em ical analys is, kinet ic analys is, XRD analys is and SEM ana lysi s. The results showed that the ad

dition of Na2C03 not only activat ed boron m iner als, but also red uced th e act ivati on energy of the reaction and pro

moted th e redu ction of iron oxides. Besides, th e addi t ion of Na 2C03 cha nged th e com posi tion and melt ing point of

non-ferrous phase, and then promoted the growth and aggregation of iron grains, which was conducive to the subse

qu ent magnetic separation . Thus, the co upling of the two processes is ad vantageous .
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There is quit e abundant ludwigite ore in L iaon 

ing province, China. The total reserve of ludwigi te

ore is about 280 M t , of which about 21. 84 Mt is

Bz0 3 , ac counting for 58 % boron reserves in Chi

ni lJ . Because of the low grade of boron (WB2 ()3 =

6% - 8 % ) and iron (W TFe = 27 % - 30 % ) , and the

comp lex intergrowth of different minerals, boron

minerals and magnetite cannot be separated and en 

ric hed effe ct ivel y by t radit ional mineral processing

m ethods . So m e res ults indica ted t hat B203 in boron

bea ring m agnetite conc en t ra t e (W TFe = 5 1%- 54 %,
WB2()3 = 6% - 8 % ) acco un ted for more t ha n 30% of

total B203 in ludwigite[2'3J. I t is obvious that the key

problem in exploring ludwi gite is the furt her separa

t ion of boron and iron in boron-bearing magneti te

concentrate.

The separa tio n of boron and iron in boron-bear

ing m agnet it e concentra te has been inves ti ga ted by

many researchers, and several processes have been

proposed, includ ing hydrornetallurgica l , pyrometal-

lurg ical and Na-activation roasting processes, etc. [4-8J.

H ow ever , none of t hese processes has been fo und to

be effe ct ive and econom icall y feasib le.

R ecen tl y , a promising p rocess was proposed-'" .

T he boron-bearing m agnet it e concentrate was first

hom ogenized w it h sodium sa lt and coal, and then

heat ed in a red ucing atmosphere for a certain pe riod

of time. A fter that, the ro as ted product was subjec

ted to wet grinding and water leach in g to obtain bo 

ro n-rich leach ing so lut ion, and the leach in g residue

was used to extract meta lli c iron powder by low in 

tensity m agnetic separat ion. Boron-rich leaching so 

lu tion can be used to produce borax by carbonization

te chnology, and metall ic iron powder can be used to

steelmaking. N ew te chnology shortened the process

and reduced energy cons um p t ion by coupling the di

rect reduction of iron oxides and Na activ ation of boron

mi nerals together. Preliminary test results showed

that the iron grade and recovery of iron prod uct were

up to 92. 94% and 87.33 %, respectively, whi le the
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leaching rate of boron was 91. 45% under the condi

tion of temperature of 1100 °C , holding tim e of 90 min,

coal dosage of 20 % and N azC03 dosage of 30 % .
However, the influence of Na act iva t ion re action on

the reduction of iron oxides is not very clear.

In this paper, some tests were carried out in a

muffle furnace, using boron-bearing magnetite con

centrate, coal and sodium carbonate as raw materi 

als. The purpose of this research is to study the in

fluence of NaZC0 3 as addit ive on the direct reduction

of boron-bearing m agneti te. The results of this study

can provide a th eoretical basis for the low-cos t , short

process, iron-boron eff icie n t separation technology.

1 Exper imental

1. 1 Materials
The sample used in this research is boron- bearing

magnetite concentrate, and its main chemical composi

tions a re 53. 01% Fe, 3.67 % Bz0 3 , 0.3 5 % CaO,

11. 39 % MgO, 3. 97 % s.o., and O. 11 % Alz0 3 ,

The concentrate belongs to multi-component

and low grade ore, and the particle siz e of the boron

bearing magnetite concentrate is 40 % passing 74 p.m.

The crys ta lline phases of the boron-bearing

magneti te conc en t ra te were investigated by powder

XRD tech n ique , and the pattern was analyzed by the

search-match software. The m in era l components of

the boron-bearing magnetite concentrate are shown

in Fig. 1.

below 1 mm.

1. 2 Experimenta l procedure
Boron-bearing magnetite concentrate was firs t

homogenized with 20 % coal and 30 % N aZC0 3 , and

then pl aced into graphite crucibles with a lid. The

samples w ere heated in a muffle furnace for diff erent

time at different pre-s et t emperatures; after that,

the samples were removed from the furnace and

cooled to room temperature in an inert atmosphere.

The cooled products were analyzed to determine the

degree of reduction afte r grated to - 74 p.m. Direct

reduction tests without N aZ C0 3 w ere carried out at

the same time as cont roll ed experiment.

Bec ause of the presence of carbonates, the de 

gree of reduction could not be directly calcula ted by

m ass loss of mixed materials. The degree of reduc

tion (D) is defined as follows:

~w

D =~W:XI00% (1)

where, ~W I is the oxygen loss of iron oxides in time

t; and ~W T is th e total oxygen content of iron oxides.

2 Results and Discussion

2. 1 Effect of Na2C03 on degree of reduct ion

To identify the eff ect of Na, C03 on the degree

of reduction, sev eral comparative tests about sodium

additive were ca r ri ed out a t different temperatures

and for different time. The results are shown in Fig. 2.
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Fig. I XRD pattern of boron-contain ing mag neti te concentrate

As shown in Fig.T, magnetite (Fe3 0 I ) and mag

nesite (MgC03 ) are m ajor phases, while szaibelyi te

(MgBOz(OH», phlogopite (KMg3 (Si 3 AI)OlO (OI-I) z )

and lizardit e (Mg3 Siz0 5 ( 0 H) 4 ) are minor phases.

A coal with 0. 51% water, 15.01 % ash , 23.82 %

vo lati le matter and 60. 66 % fixed carbon was us ed as

the reductant, and sodium carbonate (AR) was us ed

as additives. The particle siz e of coal was controlled

Fig. 2 Isotherm al red uctio n curve of boron-bear ing

magnetite concentrate

F ig. 2 shows that the reduction de gree of boron

bearing magnetite gradually increased with the in 

crease of re action t im e. The increase ra te was faster

in the first 30 min, and then became slow. Besides,

there was a propor tional rel ationship between tem

perature and r eduction degree when the reaction

time was fixed. It is obvious tha t rai sing the temper-
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a t ure and in creasing the reduction time are both con

d uci ve to the reduction of boron- bearing magnetite,

which is consistent with previous studl 10
] .

Compared wi th direct reduction without sodi

um, the addit ion of sodium increased the reduction

degree of boron-bearing magne tite significantly at

900 °C . As the t emperature increased, the increase

amplitude of reduction degree gradually decreased.

However, when the temperature re ached 1100 °C ,

the reduction degree be came lower than that without

the addit ion of sodium. To further explain different

effe ct s of N azC03 on the r eduction degree at differ

en t t emperatures, th e reduction rate at different time

and temperatures was ca lc ula ted , as shown in Fig. 3.
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Fig. 4 Shrinking core model of reduction of iron oxide

2. 2 Effect of Na2C03 on reduction kinetics

R eduction of iron oxides is a typical gas-solid

reaction, and the re action is carried out from outside

to inside step by step until the end of the reaction.

Scholars idealized the cha racteris tics of gas-solid phase

reaction , and constructed a reaction model, called the

unreacted shrinking core model, as shown in Fi g. 4.

the role of sodium in promoting ca rbon gasifi cation

is more obvious. Howev er, as the temperature in 

creased, the carbon gasification rate was gradually

approaching to the limit, and the role of sodium is

waning wi th the increase of tempera ture.

no20 30 40 50
Reduction time/min
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~ 4.0

Fig. 3 Reduction rate curve of boron-bearing

magnetite concentrate

From Fig. 3, it is obvious that the reduction

ra te increased a t the beginning and then decreased

with the increase of reduction time. The m aximum

reduction rat es are reach ed mainly in 5 -15 min, and

the higher the t emperature is, the sooner the maxi 

mum reduction rate is achiev ed. Besides, the maxi 

mum reduction rate increased gradually with the in 

cr ease of t emperature. Thus, when the reaction time

is fixed, increasing temperature can increase the re

duction rate, and then increase the reduction de

gree, which is consistent with the results in previous

reduction degree analysis.

Compared with direct reduction without sodium,

the addition of sodium improved the reaction rate.

Besides, wi th the in crease of tempera ture, the in

cr ease amplitude of maximum reduction rate gradu

ally decreased, and the maximum reaction rate grad

ually appea red in adva nce. Some researchers believed

that the gasification of carbon was an important step

of direct reduction, and sodium could contribute to

carbon gasification re action[II. IZ]. Bec ause the ca rbon

gasifi cation re ac tion is slow at lower tem pera t ures ,

In order to facilitat e the expre ssion , the iron

ore is taken as the standard sphere, so the spread of

surface chem ica l re actions ca n be simplified to a one

dimensional problem. The overall re action process

can be divided into the following steps:

(1) CO diffuses to the reaction product surface

(Fe). This process is ca lled external diffusion.

(2) CO diffuses to the reaction interface (Fe

and iron oxides) through reaction product. This

process is called in ternal diffusion.

(3) Iron oxides are reduced to metallic iron in

the interface. This process is referred to as chem ica l

reaction.

(4) CO2 genera ted by th e reaction diffuses to th e

outside through the product layer.

(5) CO, gas diffuses from gas film around product

to the air curren t.

R eduction kinetic differential equa t ions can be

establishe d based on the shrinking core model. The

overall re action can be considered to consist of out

side diffusion, internal diffusion and chem ica l re ac

tions. If there is one particularly slow step, other

steps will reach equilibr iu m , and then this step will

become the rate-controlling step. Different control
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t he act ivat ion energy decreased , which in dicated that

NazC0 3 improved the reduct ion of boron-bea r ing

m agnet ite.

- 3.0

Fig. 6 Relationship of 1- ( 1 - D ) 1/3 and t with Na, C03

2.3 Effect of Na2 C03 on metallization rate
Fig. 8 shows the m etall ization rate curve of bo

ro n- bearing m agnet it e conc entra te at diff erent time

and diff erent t emperatures . From Fig. 8, it can be

see n that the m etall iza t ion ra te of re d uction product s

obtaine d wi t ho ut ad di ng Na, C0 3 was co nti n uo us ly

in creased w ith p rolon ging the reaction t ime. Afte r

N azC0 3 was added, the degree of m et all izat ion was

improved at the ea rly stage of the re duction. Ki net ic

ana lysis shows t ha t the reduc t io n of boron-bea r ing

m agnet it e concent ra te was co n t ro ll ed by che mi ca l

react ion , and the addit ion of NazC03 re duced the ac 

ti va tion energy. Accordi ng to the s t udy of Led er et

a l. [16J , t he re duction of F eO into F e was the rate

cont ro ll ing step. Thus , the ad dit ion of NazC03 im 

pro ve d the red uct ion of F eO, and m ore m et all ic iro n

was produced in a cer tain t ime. H ow ever, w he n the

re duction ti me was too long, on the contrary, the

m etalli za tion rate grad uall y d ropp ed. Th is was b e-
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m od el equations are given as foll ow s[13- 15J :

J l (() = D ( 2 )

L , Ct ) = 1- 3(1 - D ) Z/3 + 20 - D ) ( 3)

J 3Ct ) = 1- 0 - D ) 1/3 (4 )

w here, f Ct ) is a func tion.

If J 1Ct ) and t show an apparent linea r re lation

shi p at a certain t ime, external d iffus ion can be co n

sidered as the rate-cont ro ll ing step at this part;

while if J 2Ct ) and t exh ibit an apparen t lin ea r rel a 

t ionship a t a ce r ta in t ime, in ternal diffusion can be

considered as the ra te-con t rolling step at th is pa r t. If
J 3Ct ) and t rev eal an apparent linea r re lationsh ip at

a ce rtain t ime, che m ica l reaction can be considere d

as the ra te-controlli ng step a t this pa rt.

Fig. 5 sho ws t he rel at ionship of 1 - (1 - D ) 1/3

an d t w it hout Na ZC0 3 at diff eren t te m pe ratures,

an d F ig. 6 shows the re lat ionsh ip of 1 - ( 1 - D ) 1/3

an d t wit h 30% NaZC0 3 at diff eren t temperatures. I t

is obvious that 1- ( 1- D) 1/3 and t show the appar

ent linea r re lationsh ip eit her w ithout Na2C03 or

wi t h 30 % Na2C0 3. Thus , the reduct ion of boron

bearin g m agnet it e is con t ro lled by chemical react ion.

F ig. 7 shows the Arrhenius curve of reaction rate

constant k and T , ca lcu lated fr om the slo pe of

F igs. 5 an d 6. Therefore, the activation energy can

be ca lc ula te d by the A rrheni us equa t ion :

E
Ink = lnA - RT ( 5)

where, A is fr equency factor , S - I ; E is activat ion

energy , l lmol; R is gas co ns ta n t , 8.3 14 l l (mol •
K ) ; and T is temperature, K .

Fi g. 7 shows that the s lo pe (- E I R ) of Arrhe 

nius curve were 8648 and 6868 , res pectively. Thus,

the ac tiva tio n energy of direct re d uction wi t ho ut

NaZC03 was 71. 90 kl l mol, whereas the activation en

ergy of direct reduct ion with NaZC03 was 57. 10 kl l
m ol. It is 0 bvious that aft er 30 % Na, C0 3 was added ,
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Fig. 8 Metallization rate curve of boron-bearing

magneti te concentrate

cause the addition of Na,C03 released la rge amounts

of CO, which might consume some carbon. When

the coal was insufficient, reduction atmosphere be

came weak at the late stage of the reduction, and

part of metallic iron was re-oxidized.
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previous researches[17-' O], and the addition of Na, C03
has not changed the reduction pathway, but the

composition of non-f errous phases.
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2. 4 Effect of Na, C03 on mi neral composition of re

du ction product
The effect of Na, C03 on the mineral composi

tion of the reduction product at 1100 'C for different

reduction time was studied by XRD comparative a 

nalysis. The results are shown in F ig. 9.

From Fig. 9, it could be seen that apart from

Fe304, most of the original mineral phase disap

peared after roasting for 5 min, and new phase FeO

was observed. It was obvious that F e3O J was re

duced to FeO, and most of other minerals were de

composed into amorphous. When the reduction time

was extended to l Ornin , metallic iron first appea red ,

and F eO became dominating in the products, with

corresponding disappearance of Fe304' which indi

cated that the reduction of F e304 into F eO was com

p leted within 10 min, and the reduction of F eO into

F e began before 10 min. Compared with the product

obtained without Na,C03, Na4Mg,Si3010 was ob 

served in the product with Na, C0 3 , which illustra

ted that Na, C03 changed the composition of non

ferrous phases . From the XRD results of 20 min re

duction product, it can be seen that m etallic iron

dominated the sample, and no FeO was observed,

which indicated that the reduction of F eO into F e

was completed within 20 min. Besides, MgO and

N a, Mg, Si30 10 were observed in the sample obtained

at 20 min with Na,C03 • The XRD comparative anal 

ysis showed that th e reduction pathway was Fe30 4-~

Fe0--- Fe, which was consistent w ith the results in

2. 5 Effect of NazC03 on micr ostructure of reduction

product
To investigate the effect of N a,C03 on the mi 

crostructure reduction product and metallic parti 

cles, SEM analysis w ere carried out at 1100 °c for

different time with and without addition of Na, C03.
The results are shown in F ig . 10.

From Fig. 10, 10 min product photos without

sodium shows that the contour of particles was sub

stantially clear, and only a small amount of m etallic

iron was observed on the surface of the particles.

However, when 30% N a, C 0 3 was added, the con

tour of particles was almost unrecognizable, and

many bigger m etallic iron particles w ere observed at

the peripheral of the particles. It ill us t ra ted that

Na, C03 accelera ted the generation of metallic iron,

which was consistent with the results in previous ki 

netic analysis and m etallization degree analysis. The

SEM photo without sodium for 20 min shows that a

large number of metallic iron particles appea red ,

and the con to ur of particles was almost unrecogniz

able. Howev er, when 30% Na,C03 was added, the

m etallic iron particles obviously grew up, and no

contour of particles could be recognized. This illus

t ra ted tha t the addition of Na,C03 reduced the melt

ing point of non-ferrous phases, and then promoted

the growth and aggregation of iron particles. After th e

reduction time was exte nde d to 30 min, the ro le in

promoting the grow th and aggregation of iron parti-
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( a) With out sodi um , 10 min ; (b) With out sodium, 20 min ;

(e) With sodium, 20 min;

(c) Without sodium, 30 min;

( {) With sod ium, 30 min.

( d ) With sod ium, 10 min ;

Fig. 10 SEM photos with and without addition of Na, CO, for different time

des is m ore obvious.

3 Conclusions

(1 ) The separation of Iron and boron by co u

pling the direct re duct io n of ir on oxides and the Na

act ivat ion of boron m ineral s together was proved to

be p romising.

( 2 ) T he pres enc e of addi ti ve N a2C03 durin g

direct reducti on red uc ed the ac ti vation ene rgy of the

reaction , and then p rom oted the re duction of iron

oxides.

( 3 ) Na, C03 did not change the process of iro n

oxides re duction , bu t the composition of non-ferro us

phase , and then promoted th e g row th and aggrega 

t ion of iron grains , w hi ch was conducive to the fo l

lowed m agnetic sepa ra tion.
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