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INTRODUCTION 

Background of the Study 

In the blast furnace process, temperatures about 
1650

O
C are used in iron-ore reduction [1].  A 

mixture of ore with coke and limestone are fed 

from the top of the furnace, while blast of 
heated air is forced into the furnace from the 

bottom where, the coke reacts with oxygen in 

the air blast to produce CO [2].Direct reduced 

iron (DRI) or sponge iron is a good substitute of 
scrap for making steel in electric arc furnace, 

basic oxygen furnace etc. which resulted in 

rapid worldwide growth in DRI production [3]. 
DRI is a solid state product of direct reduction 

processes which is produced either in the form 

of lump or pellets. Availability of huge amount 
of non-coking coal, scarcity of coking coal 

deposits and industrial significance of DRI led 

to many efforts for the development of many 

direct reduction and subsequently smelter–
reduction processes [4]. 

The reducer-smelter process is advantageous 

over the BF route since a variety of reductants 

like lower grade coals, natural gas, charcoal etc. 

can be used in the reduction phase and the 

smelter phase the slagging off of gangues can be 

done [5-8]. This reduction kinetics using 
released gases from non-contact wood charcoal 

is the focus of study in this work. 

Reduction Processes of Iron Ore 

Generally, the kinetic of reduction of iron ore 

deals with the rate of iron oxide conversion to 

metallic iron by the removal of oxygen as the 

rate of chemical reaction increases with 

temperature [9-11]. For direct reduction of iron 

ore, the mechanisms are complex because the 

oxide must go through a series of step wise 

changes before the conversions are complete. 

Only a negligible amount of reduction will 

occur by direct contact of carbon particles with 

iron oxide particles since such solid-solid 

reactions are very slow [12]. The actual 

reduction process occurs through the 

intermediary of CO. [13] asserted that the 

reduction of hematite iron ore by carbon in 

direct reduction process do occurs at three 
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reduction reactions stages which can be written 

as: 

3Fe2O3+ C →2Fe3O4+ CO 

Fe3O4+ C →3FeO + CO 

FeO + C →Fe + CO 

Consequently, the Indirect Reduction of Iron 
Ore by carbon monoxide (CO) and hydrogen 

(H2) also involves three stages when heat treated 

at firing temperature of 570
o
C while the second 

stage can be bypassed at temperature below 

570
o
C due todisproportionation reaction as 

magnetite (Fe3O4 ) is directly reduced to Fe 
bypassing the wustite (FeO) stage. Also Liu et al 

[14] have shown that at reduction temperature 

below 570
o
C, rate of chemical reaction are not 

fast enough to cause significant errors except 
devolatilizationas shown below. 

3Fe2O3+ CO →2Fe3O4+ CO2 

Fe3O4+ CO →3FeO + CO2 

FeO + CO →Fe + CO2 

Below the stated above temperature, FeO may 

likely undergoes a disproportionate reaction, 
4FeO → Fe3O4 + Fe is shifted toward products, 

whereas above that temperature the reverse 

reaction Fe3O4 + Fe → 4FeO dominates [15-17]. 
The disproportionate reaction does occur in 

neutral atmosphere and it does not involve 

hydrogen but it can influence the mechanism of 

the reduction of iron oxides in hydrogen in 
reductant such as wood charcoal [18-19]. Thus, 

the reduction of hematite ore by Hydrogen 

occurs in three stages as follows: 

3Fe2O3 + H2→2Fe3O4+ H2O 

Fe3O4+ H2→3FeO + H2O 

FeO + H2→Fe + H2O 

Depending on the reduction temperature the 

proposed paths of hematite iron oxides 

reduction can be assigned to the following 

scheme such as Fe2O3→ Fe3O4→ Fe (below 
570

0
C) and  Fe2O3→ Fe3O4→FeO→ Fe (above 

570
0
C). 

Procedure for Reduction and Swelling Extent in DRI Process 

The degrees of reduction and swelling extent were calculated using the following relations as 

expressed in [20]. 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑅𝑒𝑑𝑢𝑐𝑖𝑡𝑜𝑛 (%) =  
𝑤𝑒𝑖𝑔𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑡𝑒 𝑜𝑟𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙  𝑤𝑒𝑖𝑔𝑡 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑜𝑟𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
 𝑥 100 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑅𝑒𝑑𝑢𝑐𝑖𝑡𝑜𝑛 (%) =  
∆𝑊𝑡

𝑊∞
  𝑥 100                                                                                (1) 

where, ∆𝑊𝑡  is the weight loss in the pellet/lump sample for a given time and 𝑊∞ is the maximum 

possible weight loss due to removal of oxygen from the reduced ore sample. 

The reaction extents as sourced from [21] can also be calculated as follows: 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑥𝑡𝑒𝑛𝑡 𝑅 =  
𝑊𝑜−𝑊𝑡

𝑊∞

 𝑥100% =  
𝑊𝑜−𝑊𝑡

%𝑂2  𝑊𝑜
 𝑥100%                                                                       (2) 

where W0 is the initial weight of sample, Wt is the weight of sample at time t, and ∞, W∞ is the 

theoretical weight of oxygen present in the samples for complete reduction while %𝑂2 is the 

percentage weight of the total oxygen content in the hematite lump samples which is equal to 30 

percent for the as received hematite lump samples. 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥  % =  
𝑉𝑓−𝑉𝑖

𝑉𝑖
  𝑥 100%                                                                                            (3) 

Where, 𝑉𝑖  and 𝑉𝑓are the initial volume and final volume of the ore lump after reduction respectively. 

EXPERIMENTAL PROCEDURE 

Selection of Materials  

The proposed raw materials as used in this 
present work are hematite concentrate and 

commercially acquired wood charcoal whose 

chemical compositions are derived by XRD 
analysis as shown in Table 1 below. The 

composition of the commercial pure goethite 

hematite ore lumps were analyzed using X-ray 

diffraction (XRD) measurement with chemical 

empirical formula-Fe2H4O5, Fe1.698O3Sn0.228  and 
chemical formula-Fe2O3 · H2O 

.
xH2O, Fe1.698 

Sn0.228O3. 

Iron ore lumps of spherical shapes of different 

sizes where oven dried for several hours and 
experimentation was carried out by non-contact 

direct reduction through heat treatment under 
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isothermal condition using wood charcoal fines 

at heating temperatures of  

570, 700, 800, 900 and 1000
0
C at different time 

intervals. 

Table1. Chemical Analysis of Commercial Hematiteore Sample 

Element Hematite (Fe2O3) Wustite (FeO) SiO2 TiO2 MnO 

%wt 82.65 0.94 1.31 0.05 0.69 

The weight of pellet/lumps where categorized in three different size ranges i.e. Set I (5-9.99mm), Set 

II (10-14.99mm) and Set III(15-20mm) respectively where placed in hollow crucibles inside the 

furnace as shown in Fig. 4 below. The irregular iron ore lumps were then surrounded with preheated 
charcoal fines. The furnace was tightly closed with an air-tight insulated cover with an outlet for the 

release of gases. The iron ore samples already placed in crucibles with different size ranges for 

identification were placed in the reactor at the preset reduction temperature. The final reduction 

temperature was controlled within + or – 5
0
C/mins. 

Percentage calculation of the mass or weight of oxygen present in the iron ore samples indicated the 

theoretical weight of oxygen expected to be removed from the process under complete reduction. 

Using the data extracted from the X-ray diffraction analysis of the samples, the chemical composition 
of each metallic compound based on the molecular weight of the constituent element as shown in 

Table 1 above. We have  

%𝑂2 =  
82.65 𝑥

 16𝑥3 

 16𝑥3 + 56𝑥2 
+ 0.94 𝑥 (

16

 16+56 
) + 1.31  

16𝑥2

28+ 16𝑥2 
 

 82.65 + 0.94 + 1.31 
  𝑥 100% 

%𝑂2 = 30.2% 𝑜𝑟 0.302 

 

Figure1. Iron Ore samples prepared at different size ranges 

 

Figure2. Sample measuring instruments: (a) Electrical weighing balance (b) Vennier Calipers 

The Reduction Furnace 

In this present work, a charcoal bed was 

prepared in a Mild Steel Reactor or Activated 
Carbon Furnace as shown in Fig. 3 below with 

size 60 cm length x 40 cm width x 30 cm 

height). The crucibles containing the ores were 

immediately removed after attaining the 
required reduction time inside the reactor, one 

after another for the stipulated time and then 

allowed to be cooled in air. The reduced iron 

lumps were weighed on the digital weighing 

balance as shown in Fig. 2 above and the losses 
in their weights were calculated.  

The diameters of the DRI before and after the 

reduction were measured in three places by 

using vernier caliper and averaged weight was 
taken for each ore sample where the reduced ore 

lumps do maintained their original spherical 

(b

)  
(a

)  
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shape. A reasonable amount of charcoal is place 

in the hollow chamber where heat is generated 
before the prescribed reduction time can be 

measure under an air tight condition at a 

specified temperature as shown in Fig. 3 below. 

 

Figure3.  Activated Carbon Furnace fired at specified temperature: (a) before heating (b) after heating 

In this paper, the kinetics of reduction of iron 

ore using wood charcoal was extensively 
investigated showing all the relationship 

between the chemical and micro structural 

properties of direct reduced iron. The 
microstructures and chemical compositions of 

the DRI samples were investigated using 

scanning electron microscopy (SEM) and 
energy dispersive X-ray spectroscopy (EDX). 

Combustion tests were applied for the analysis 

of carbon contents in a number of samples 

reduced by CO/CO2gas mixtures from the 
charcoal at specified preheated temperature. X-

ray diffraction (XRD) was used for 

identification of different phases in samples for 
its chemical composition as shown in table 1 

above. Also, the method of data collection and 

analysis as used in this research work were 
derived by taking visual inspection of the 

reduced ore lump which entails the measuring of 

the initial, final weight and particle sizes. Other 
reductions parameters such as volume change, 

swelling index and percentage of degree of 

reduction in the process are achieved using 

Microsoft Excel 2010 version software. 

      

Figure4. Reduction furnace crucibles containing iron ore samples of different sizes (a) Cup-Shaped (b) Hollow-

shaped Crucibles 

RESULTS AND DISCUSSION 

Crack Formation and Iron Grain 

Disintegration  

Disintegration of iron due to high swelling index 

was experienced at firing temperature at 700
o
C-

800
o
C as shown in Fig. 5 below. Excessive 

swelling was observed at temperatures up to 

900
o
C.This can be attributed to high content of 

carbon deposition in the metallic iron which 
results into subsequent evolution with large 

amount of CO/CO2 gases. High CO/CO2 content 

in the system caused more frequent integration 

of iron grains and expansion. At 1000
o
C and 

above, disintegration of large particles of iron 

grains decreased appreciably and this may be 

due to recrystallization of iron grains which 

enhance sintering at such high temperature. It is 
also worthy of note that formation of large 

amount of iron grains at high furnace 

temperature where greater degree of 
metallization was achieved is likely dependent 

(a)  

(b)  (a)  

 (b)  
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on the contact surface area as bigger particles, 

with great masses, have higher momentum and 

lower tendency of sticking as shown in the Fig 6 

below. 

 

Figure5. Crack formation and iron grain disintegration of fired hematite ore samples of different sizes as 

reduced for 40mins (a) 700oC (b) 800oC (c) 1000oC 

Reduction Behavior of Fired Hematite Ore 

Lump Samples 

Experimental data on the degree of reduction 
versus time for fired Goethite hematite iron ore 

lump been reduced in the activated carbon 

furnace, using wood charcoal as reduction at 
temperatures of 570, 700, 900 and 1000

o
C, have 

been presented graphically in Fig. 9. Similar 

plots were obtained for the reduction of lump 
sample under the similar firing temperatures at 

different reaction control time and conversion 

factor for different size ranges of the iron ore 

lumps whose graphical illustrations are shown 
below. The reproducibility of the reduction 

results were thoroughly investigated for all the 

used samples as the physical changes on the 

heat treated samples are shown in Fig. 5above 
and Fig. 6 below for different size range of iron 

ore samples as the dark reddish surfaces of the 

reduced iron oxide indicated the presence of ash 
deposit (presence of calcium and aluminum) on 

the surface of the ore sample.  

 

Figure6. Effect of structural changes on reduction behavior of fired hematite lump at different temperatures in 

charcoal at reduction time of 40mins. (a) 570
o
C (b) (c) 700

o
C (b) 900

o
C 

The result as shown in Fig. 5 and Fig. 6 below 

all shows the presence of ash layer on the 

physical structure of the reduced sample which 

is depicted by their physical changes as a result 
carbon deposition from the preheated iron oxide 

samples. The swelling extents as noticed from 

the reduced sample are due to high percolation 
of oxygen with progressive acceleration of 

diffusion of the released CO-H2 from heated 

charcoal.  

This generate high level of disintegration of the 

reduced sample at very low rate of reaction and 

less degree of reduction as depicted in Fig. 7(b) 

and Fig. 8(b) which in-turn do affect the overall 

degree of metallization of the reduced hematite 

sample regardless of sample size range under 

consideration for firing temperatures 700, 800 

and 1000
o
C. The case is contrary to what was 

obtainable above in Fig. 7(a) at 570
o
C where the 

ash layer has little or no effect on the degree of 

reduction and metallization due to the absence 

of the wustite stage on iron oxide reduction 

process with less swelling extent.  

Effect of Particle Reduction time on Degree 

of Reduction 

Data presented graphically in Fig. 7 to Fig. 8 
below illustrate the effect of time for different 

degree of reduction at temperature of 570, 700, 

800, 900 and 1000
0
C for Goethite iron ore  

(b)  

(a)  (b)  (c)  

(a)  (c)  
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reduced by locally acquired wood charcoal 

under isothermal condition. It can be observed 
from the Fig. 7 below that the reduction time 

has an identical effect on the reduction behavior 

of almost all the studied iron ore-charcoal 
combination. With increase in reduction time, 

the degree of reduction increased at every 

temperature under consideration. The rate of 

reduction in general was observed to be high up 
to about 15 to 45% at 570

o
C reduction and then 

it decreased as firing reduction temperature 

increases from 700
o
C to 1000

o
C.The reduction 

of iron ore lump with solid reductant starts at the 

point of contact on the surface area of the 

sample which produces CO/CO2 gas. The CO2 

produced combines with solid carbon and gets 

converted into CO gas. The CO gas diffuses into 
the lump ore and takes part in the reduction. The 

higher reduction rate in initial conditions may be 

attributed to the combined effect of less 
resistance offered to the flow of reducing gas 

into the ore sample and significance 

contribution of volatile matter release initially, 

as sourced from [22]. The released volatile 
matters of charcoal get almost completely 

reformed into H2, H2O and CO during the initial 

stage of reduction. It might be expected that the 
pressure of H2 and CO in reducing gas gives 

boost to the reduction rate. 

 
 

            

Figure7. Effects of reduction time and Iron lump sizes on the degree of reduction of fired hematite lumps 

reduced in commercially derived wood charcoal (a) 570oC (b) 700oC. 

        

Figure8. Effects of reduction time and Iron lump sizes on the degree of reduction of fired hematite lumps 

reduced in commercially derived wood charcoal (a) 900oC (b) 1000oC. 

As the reduction progress with time, the 

thickness of the product iron layer increases and 
offers greater resistance to the diffusion of 

carbon and reducing gas onto the surface of 

unreduced iron oxide. This is the reason for 
lower rate of reduction in the later stages as all 

the firing temperatures increases. 

Effect of Residence Time on Particle Swelling 

of Iron Lump 

It can be seen as shown in Fig. 9 and Fig. 10 
below where reduction time increases with the 

average extent of swelling at 700
o
C, 800

o
C, 

900
o
C and 1000

o
C irrespective of the required 

samples size range at reduction time of 10, 20, 

30 and 40 minutes respectively as swelling 

index of more than 30% was observed at 900
o
C 

and 1000
o
C. At highest temperature (1000

0
C), 

increase in volume change with not more than 

60% swelling of reduced iron ore lumps were 
observed with increase in reduction time. The 

expansion of the reduced iron ore pellets is due 

to the nucleation and formation of disintegrated 

grains of iron with time at high temperatures [8, 

(a)  
(b) 

(a)  (b) 
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21]. This may be due to an increase in 

carbothermic reaction where there are 

tendencies for high carbon deposition in the iron 

lump at the wustite stage of the process. 

      

Figure 9: Effects of reduction time and Iron lump sizes on the swelling index of fired hematite lumps reduced in 
commercially derived wood charcoal (a) 700oC (b) 800oC. 

        

Figure10. Effects of reduction time and Iron lump sizes on the swelling index of hematite fired lumps reduced in 

commercially derived wood charcoal (a) 900oC (b) 1000oC. 

Analysis of Reduced Hematite Lump Sample 

by SEM/EDX  

The SEM/EDX analysis of this present work 

was done to practically identify the micro 

structural segregation of the component of the 

hematite lump sample as well as the presence of 
silicon in the different shapes and sizes of the 

reduced iron ore lump. The SEM/EDX 

representation analysis of the reduced iron ore 
spectrum from a spherical lump shaped ore-

silicon composites as reduced at 570, 800 and 

1000
o
C as shown in Fig. 11 to Fig 13 below. 

It is worthy of note that the micro structural 
spectrum of virtually all the tested samples 

shows a high percentage of silicon (39.20, 29.59 

and 33.90) respectively. This indicates the 
presence of slag region where reduced iron 

oxide mixed with the silicate. The EDX 

spectrum also clearly shows very high amount 
of silicon at the micro level of the any 

composites ore as there may be possibility of 

silicate formation in the ore sample. Fig. 13 

below also depicts a clear representative of the 
spot of a lump 5-9.99mm size range reduced 

ore-charcoal sample at 1000
o
C. The spectrum 

analysis shows a strong indication of a region of 

wustite along the metalized iron. The silicon 
content of 33.9% was observed indicating that 

the silicates are mixed with already metalized 

iron and wustite. It was also observed that the 

silicon present in the spectrum analyzed at fired 
ore-charcoal mixture at 570

o
C and 800

o
C are as 

high as 39.2% and 29.56% respectively. This 

also indicates some significant unreduced oxide 
especially at 800

o
C due to slag zone regardless 

of the size range of the reduced ore sample as 

some microspots in the ore-charcoal lump 

shaped composite can also be identified. Such 
spot only contains metallic irons due to its 

devoid of slags after reduction residence time of 

40minutes as shown in Fig. 12 above.  

Thus, the above data indicate a clear cut slag 

metal separation at least at the micro-level of the 

reduced iron ore lump shaped ore-charcoal 
composites samples as shown in Fig 6 above. 

It is also worthy of note that an incomplete 

reduction and carbon deposition during 

reduction resulted in low reduction extents. It 
may hamper diffusion of reducing and product 

gases through the reduced hematite ore lump. 

(a)  
(b) 

(b) 

(a)  
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Figure11. SEM/EDX Micrograph and Spectrum view at 570oC with size range 5-9.99mm 

    

Figure12. SEM/EDX Micrograph and Spectrum view at 800oC with size range 15-20mm 

    

Figure13. SEM/EDX Micrograph and Spectrum view at 1000oC with size range 5-9.99mm 

The SEM micrographs of Set-I and Set-III 

hematite lump sample reduced at 1000
o
C for 

40minutes as shown whose spectrometric view 

are also shown in Fig. 11 to Fig. 13 above. In 

the images the light grey phases are metallic 

iron; the reddish part of the reduced ore contains 

other metallic components in the sample and the 

dark grey areas are iron oxide; while the black 

areas are pores. As seen in the figures, the iron 

content increases with furnace firing 

temperature regardless of the hematite lump size 

range been considered. 

Effect of SEM/EDX Analysis on Degree of 

Metallization 

The graph of degree of metallization based on 

changes observed on the surface on the surface 

of the iron ore-charcoal samples is depicted 

below with reference to the firing temperature of 

the reactor. The total possible percentage of 

weight of oxygen in the ore sample has been 

calculated from the derived data from the X-ray 

Diffraction (XRD) analysis as shown in Table 1 

above.  

Thus, the metallic components or compositions 

in the reduced ore-carbon mixture at prescribed 

firing temperature 570
o
C, 800

o
C and 1000

o
C are 

shown in Table 2 below where the remainders 

of elemental components of the reduced ore 

samples are taken as the non-metallic component 

(i.e. oxygen).  

The metallic summation of the constituent for 

each samples spectrum irrespective of the 

reduced ore sample size range are also depicted 

in Table 2 after the lump samples have 

undergone furnace treatment with reduction 

time of 40minutes. 
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The results in Fig. 14 and Fig. 15 below indicate 

that the difference in degree of metallization and 
the percentage of iron content after reduction of 

hematite lump sample using charcoal for equal 

residence time of 40 minutes. 

Table2. Reduce Ore-Carbon mixture from SEM/EDX analysis for metallic components 

Temp.  

(
o
C) 

%Wo of O2 

at XRD 

%Wo of O2 

at EDX 

%Wi of Fe 

at EDX 

Degree of 

Metallization (%) 

570 30.2 2.53 56.55 91.62 

800 30.2 7.26 60.79 75.96 

1000 30.2 2.10 61.70 93.05 
     

The respective percentages of iron in the 

metallic composition as derived from Scanning 

Electron Microscopy (SEM) and Energy 

Dispersion Spectrometry (EDX) indicates that 

the reaction control mechanism or steps for this 

reduction process may fully be ascertained 

based on these two factors: increase of weight 

due to carbon deposition and incomplete 

reduction [18, 21]. 

It is also observed in Fig. 5 and Fig. 6 above that 

at higher infiltration of the reducing gasses in 

the hematite sample, large amounts of oxide are 

entrapped in iron layers which indicate 

possibility for incomplete reduction of the iron 

oxide. This is essentially observed while 

carrying out reduction at intermediate firing 

temperatures (i.e. 700, 800, 900
o
C). The sharp 

drop in degree of metallization at 800
o
C 

indicated the tendency for high deposit of 

carbon at this stage coupled by the possibility 

for high oxygen content remaining in the pores. 

This may also indicate the tendency for 

incomplete reduction of the hematite lump 

sample regardless of the size range. Thus, 

generally, the degree of metallization of the 

reduced hematite lump sample increases with 

reaction temperature which in-turn lead to high 

reduction rate with appreciable iron content 

achieved in the overall reduction process as 

shown in Fig. 14  below. 

    

Figure14. (a) Degree of metallization as a function of reducing gas temperature; (b)Iron content (%) as a 

function of inlet temperature from SEM/EDX micrograph 

CONCLUSION 

The reduction of commercially obtained 

Goethite iron ore have been successfully 

achieved with thorough investigation of the its 

kinetics of reduction process using commercially 

acquired wood charcoal as carried out in the 

laboratory furnace (activated carbon furnace) at 

a preset firing temperature under isothermal 

conditions at various reduction time. The result 

achieved on successfully experimentation and 

micro structural analyses of the reduced ore 

samples have revealed the following: 

 Further application of the experiment data as 

obtained on visual inspection by weight and 

size of reduced sample have shown that the 

degree of reduction of 40 percent and more 
for the least firing temperature of 570

o
C in 

Set III ore sample with size range 15-

20mm.This indicates the influential tendency 

of large size iron ore samples to exhibit 
higher degree of reduction with low swelling 

index. 

 Consequently, an abnormal swelling 

condition between 30 to 65 percent was 

observed at 700, 800 and 900
o
C. This validates 

the presence of high carbon deposition in the 
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reduced ore sample irrespective of reduction 

time or pellet size. This also indicates a sharp 
fall in metallization degree in respect to 

reduction temperature which is caused by the 

dominance of the wustite (FeO) stage at the 
said temperatures. 

 SEM/EDX result of the reduced ore samples 

also validated the analysis given above by 

visual inspection with claim that degree of 

metallization increases with reduction 

temperature regardless of the iron ore pellet 

size. This implies that the rate of reaction is 

fastest at low firing temperature (less than 

570
o
C) and slowest at the intermediate 

temperature (700-900
o
C) due the tendency of 

high carbon deposition on the sample which 

may slow down the diffusion of the reducing 

gases into the iron ore sample. 

 Finally, degree of metallization of more than 

90 percent was achieved in the overall 

reduction process at 570 and 1000
o
C with 

least value of metallization degree (75.6 

percent) as obtained at 800
o
C. This is a clear 

reflection of high percentage iron content and 

high oxygen discharge from the reduced 

samples as achieved in the reduction reaction 

for total reduction time of 40minutes. 

REFERENCES 

[1] Alamsari, B., Torii, S.,Trianto, A. and Bindar, 

Y. (2011). Heat and Mass Transfer in 

Reduction Zone of Sponge Iron Reactor, 

Journal International Scholarly Research 

Network, ISRN Mechanical Engineering, pp. 1-

12. DOI:10.5402/2011/324659 

[2] Babich, A., Mousa, E. A. and Senk D. (2013). 

Reduction Behavior of Iron Ore Pellets with 

Simulated Coke Oven Gas and Natural Gas, 

Steel Research International, Vol 10, No. 84 pp. 

1085–1097. 

[3] Barun, M. and Sundeep, K. B. (2008). Kinetics 

of Ore Reduction by Coal and Charcoal; Thesis 

of Metallurgical and Material Engineering, 

National Institute of Technology, Rourkela, 

Sweden. pp. 5-35. 

[4] Bonalde, A., Henriquez A., and Manrique M., 

(2005).  Kinetic Analysis of the Iron Oxide 

Reduction Using Hydrogen-Carbon Monoxide 

Mixtures as Reducing Agent, ISIJ International, 

Vol 45, No. 8, pp. 1255-1260.  

[5] Boris, L.V. (2000). Mechanism of Carbo 

thermal Reduction of Iron, Cobalt, Nickel and 

Copper Oxides, Journal of Thermochima Acta, 

Elsevier. Vol. 360, No. 1, pp. 109-120.  

[6] Dennis, A., Damien, W., Fabrice, P., and 

Oliver, D. (2006). A Laboratory Study of the 

Reduction of Iron Oxides by Hydrogen; Vol 2, 

No. 4, pp. 111-120. 

[7] Donskoi, E., Olivares, R.I., McElwain D.L. and 

Wibberley, L.J. (2006). Experimental Study of 

Coal Based Direct Reduction in Iron/Coal 

Composite Pellets in a one Layer Bed under 

Non-Isothermal Asymmetric Heating, Journal 

of Ironmaking and Steelmaking, Vol. 33, No. 3, 

pp. 24-28.  DOI: 10.1179/174328106X80064. 

[8] Doucheng W. (2013).  Effect of Density on the 

Reduction of Fe2O3 Pellets by H2-CO Mixtures, 

Master Thesis of  Industrial Engineering and 

Management, pp. 5-25. 

[9] Dydo P., Mondal T., Piotro K., Rizeg G., 

Wiltowski T. (2007). Topochemical Approach 

of Kinetics of the Reduction of Hematite to 

Wustite, Chemical Engineering Journal, Vol. 

131, No. 1, pp. 73-82. 

[10] Jozwiak, W.K., Kaczmarek E., Maniecki, T.P., 

Ignaczak, W., Maniukiewicz, W. (2007). 

Reduction Behavior of Iron Oxides in 

Hydrogen and Carbon Monoxide Atmospheres, 

Journal of Applied Catalysis, Elsevier,    No. 

326, pp. 17-27. DOI:10.1016/j.apcata.2007.03 

.021 

[11] Kowitwarangkul, P., Babich, A. and Senk, D. 

(2014). Reduction Kinetics of Self-Reducing 

Pellets of Iron Ore, Journal American Institute 

of Science and Technology Conference 

Proceedings, pp. 611-622.  

[12] Kumar, M., Baghel, H. and Patel K.S. (2012). 

Reduction and Swelling of Fired Hematite Iron 

Ore Pellets by Non-coking Coal Fines for 

Application in Sponge Iron-making, Mineral 

Processing and Extractive Metallurgy Review: 

An International Journal. Vol. 34, No. 1, pp. 

249-267. http://dx.doi.org/10.1080/08827508. 

2012.656776 

[13] Levenspiel, O. (1999). Chemical Reaction 

Engineering, 3rd Edition. New Delhi, John 

Wiley  Eastern, pp. 343-362. 

[14] Liu, W., Lim, J., Saucedo, M. A., Hayhurst  A. 

N., Scott A. S., Dennis J. S. (2014). Kinetics of 

the Reduction of Wüstite by Hydrogen and 

Carbon Monoxide for the Chemical Looping 

Production of Hydrogen. Journal of Chemical 

Engineering and Sciences, Elsevier, Vol 120, 

No. 1. pp. 149-166. http://dx.doi.org/10.1016/ 

j.ces.2014.08.010 

[15] Mania. K. (2011). Master Degree Project. 

Reduction of Hematite Pellets with CO-H2 

Mixtures, School of Industrial Engineering and 

Management, Department of Materials Science 

and Engineering, Royal Institute of 

Technology. Sweden. 

[16] Mania, K. (2016). Fundamental Studies Related 

to Gaseous Reduction of Iron Oxide: Doctoral 

Thesis, KTH Royal Institute of Technology, 

Sweden. pp. 15-51. 



Reduction Kinetics Behavior of Goethite Iron Ore in CO/Co2 Atmosphere from Wood Charcoal 

International Journal of Emerging Engineering Research and Technology V7 ● I4 ● 2019                        21  

Citation: J. E. Ogbezode and O.O. Oluwole “Reduction Kinetics Behavior of Goethite Iron Ore in 

CO/Co2 Atmosphere from Wood Charcoal”, International Journal of Emerging Engineering Research and 

Technology, 7(4), 2019, pp.11-21 

Copyright: © 2019 J. E. Ogbezode. This is an open-access article distributed under the terms of the 
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in 

any medium, provided the original author and source are credited.  

 

[17] Modal, K., Hippo E., Lorethoval, H., 

Wiltowski,T., and Lalvani S. B.(2004). 

Reduction of Iron Oxide in Carbon Monoxide 

Atmosphere: Reaction Controlled Kinetics, 

International Journal of Fuel Processing 

Technology, pp. 33-47. 

[18]  Mousa, E.A. and Ghali, S. (2015). 

Mathematical Analysis of the Parameters 

Affecting the Direct Reduction of Iron Ore 

Pellets, Journal of Metallurgical Engineering 

(ME).Vol .4, No. 1, pp. 78-87. DOI: 10.14355/ 

me.2015.04.010. 

[19] Pavlína, P. and Simona, J. (2013). Process 

Engineering in Iron Production, Journal of 

Chemical and Process Engineering, Vol. 34, 

No. 1, pp. 63-76. DOI: 10.2478/cpe-2013-0006.  

[20] Prakash, S. (1996) Reduction and Sintering of 

Fluxed Iron Ore Pellets-A Comprehensive 

Review, The Journal of the South African 

Institute of Mining and Metallurgy, National 

Metallurgy Laboratory, pp. 3-16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[21] Sharma, M. K., Solanki, V., Roy, G. G. and 

Sen, P.K. (2013). Journal of Ironmaking and 

Steelmaking, Institute of Materials, Minerals 

and Mining, Vol 1, No. 40 pp. 590-597. DOI: 

10.1179/1743281212Y.0000000086  

[22] Srinivasan, N. S. (2002). Reduction of Iron 

Oxides by Carbon in a Circulating Fluidized 

Bed Reactor. Journal of Powder Technology, 

Elsevier, Vol. 124, pp. 28-39. DOI: 

10.1016/S0032-5910(01)00484-3 

[23] Subhasisa N. (2009). Study of Reduction 

Kinetics of Iron Ore Pellets by Non-Cooking 

Coal: Thesis of Metallurgical and Materials 

Engineering, National Institute of Technology, 

Rourkela, Sweden, pp. 75-95. 

[24] Yunyun, W. (2012). Effect of Different 

Parameters on the Direct Reduction of Natural 

Iron Ores from Uganda. 

[25] Master Thesis of Department of Material 

Science and Engineering, Royal Institute of 

Technology (KTH), Stockholm, Sweeden. pp 

13-28. 


