
1. Introduction 
 
The development of porous metals and coatings has 
revolutionized the field of orthopaedics. However, 
most implants are fabricated utilizing traditional ma-
terials (i.e. sintered beads, fiber metal, plasma 
spray), which have several inherent limitations. Sev-
eral new porous metals have been recently intro-
duced to improve upon the biomaterial properties of 
these traditional metals. Tritanium (Stryker, Mah-
wah, NJ), Regenerex (Biomet, Warsaw, IN), Stiktite 
(Smith and Nephew, Memphis, TN), and Trabecular 
Metal (Zimmer, Warsaw, IN) are currently available 
for use in orthopaedic surgery, all with a characteris-
tic appearance similar to cancellous bone. The open-
cell structure of these materials affords several in-
triguing properties, including; high volumetric po-
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A model was derived for the predictive assessment of the concentration of enhanced iron during processing of 
haematite designated for production of extra-vertebral prosthetic device; bone plate.  The model: 
 
                                                  EI  =  β  ( lnT – lnγ)2.58  -  Io 
 
indicates that iron enhancement is dependent on the treatment temperature which significantly influences de-
composition of the potassium chlorate used as oxidant, hence releasing oxygen for iron enhancement. Pre-
dicted results shows that the model is most valid at the treatment temperature range 650-7000C, deviation be-
ing less than 16%. The associated model-predicted iron content enhancement; 23.39 and 26.95% are in proxi-
mate agreement with values (23.32 and 23.40 %) obtained during the actual beneficiation process at tempera-
tures 650 and 7000C respectively. The validity of the model is rooted in the expression [(EI + Io)/β]

α = ln(T/γ) 
where both sides of the expression are correspondingly almost equal. 
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rosity (60–80 %), low modulus of elasticity, and 
high frictional characteristics [1]. 
 Metallic materials have played an essential 
role as biomaterials to assist with the repair or re-
placement of bone tissue that has become diseased 
or damaged. For example, metal pins, screws, plates, 
rods, and meshes are frequently required to replace 
the mechanical functions of injured bone during the 
time of bone healing and regeneration. Metals are 
more suitable for load-bearing applications com-
pared with ceramics or polymeric materials due to 
their combination of high mechanical strength and 
fracture toughness. Currently approved and com-
monly used metallic biomaterials include stainless 
steels, titanium and cobalt-chromium-based alloys. 
One limitation of these current metallic biomaterials 
is that their elastic moduli are not well matched with 
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that of natural bone tissue, in that these metals are 
significantly stiffer than bone, and results in stress 
shielding effects that can lead to reduced stimulation 
of new bone growth and remodeling decreased bone 
density around the implant site, both of which de-
crease implant stability [1]. 
 Inventive devices that include at least one 
bioabsorbable metal compositions have found ad-
vantageous use in a variety of different circum-
stances in which it is desirable for some or all of a 
medical implant to be degraded and absorbed after a 
time period has passed during which its presence is 
required or desired. Degradation and absorption ob-
viate the need for surgical removal. Specific exam-
ples of medical devices that are included within the 
scope of the present invention include, without limi-
tation, orthopedic implants such as spinal implants 
that are employed alone or with other components to 
stabilize one or more vertebral levels. The medical 
device may be, for example, an intervertebral pros-
thesis, intravertebral prosthesis, or extravertebral 
prosthesis such as a bone plate, spinal rod, rod con-
nector, or bone anchor. The invention is particularly 
advantageous for use in connection with fixation im-
plants, such as, for example, anterior plates and 
screws, interbody fusion implants, such as cages, 
and components used in connection therewith, such 
as, for example, screws and anchors. A component 
for use in the spine is fabricated to exhibit suitable 
strength to withstand the biomechanical stresses and 
clinically relevant forces without permanent defor-
mation. It was considered that for orthopedic devices 
that are not implanted in or around the spine, the 
component can be fabricated to withstand the biome-
chanical forces exerted by the associated muscu-
loskeletal structures. The medical devices can be 
used to treat a wide variety of animals, particularly 
vertebrate animals and including humans [2]. 
 Agbaja oolitic iron ore, which has not been 
responsive to so many upgrading processes, has 
been upgraded to 73.4% Fe assay (starting from as-
received concentrate assaying 56.2%Fe) by py-
rometallurgical-oxidation method [3]. Main parame-
ters investigated were the effects of treatment tem-
perature and oxidant (KClO3) on the upgrading proc-
ess. It was established that 8000C is the optimum 
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temperature for the upgrading step considering the 
range of temperature used (500-8000C). It was ob-
served from results of the investigation that both 
oxidant and temperature increase (up to 12g per 50g 
of iron ore and maximum of 8000C respectively) 
during the process are vital conditions for improving 
on the grade of the ore concentrate. 
 An intensive and selective oil agglomeration 
of Agbaja iron ore has been carried out [4]. The re-
searcher, starting from the crude ore Fe content 
(45.6%), concentrated the ore by oil agglomeration 
technique to 90% Fe recovery and 65% Fe assay. He 
stated that the ore require grinding to minus 5µm to 
effect adequate liberation. These results were ob-
tained at optimum pH 9. Successful studies [5] on 
the effect of temperature on magnetizing reduction 
of Agbaja iron ore have been carried out. The results 
of the investigation showed that the fine-grained 
oolitic Agbaja iron ore, which is not responsive to 
conventional processing techniques, can be up-
graded by the magnetizing reduction method with an 
Fe recovery of 87.3% and Fe assay of 60% at 6000C. 
 Attempt has been made to enhance concen-
trate Fe recovery [6]. The researchers stated that 
concentrate Fe recovery decreases progressively be-
low pH 8. In this pH region, oleate used is present as 
dispersion of oleic acid, and its adsorption on the 
surface of the iron oxides is similar to the process of 
hetero-coagulation involving positively charged iron 
oxide particles and negatively charged oleic acid 
droplet. 
 Model for computational analysis of the con-
centration of iron upgraded during dry beneficiation 
of iron oxide ore has been derived by Nwoye et al. 
[7].  
The model: 
 % Fe = 2.25[(ln (T/µ))2.58]                          (1) 
 
shows that the concentration of upgraded iron is de-
pendent on the treatment temperature T, used when 
the mass of iron oxide ore µ, added is constant. 
 The aim of this work is to derive a model for 
the predictive assessment of the concentration of en-
hanced iron during processing of haematite (from 
Agbaja, Nigeria) designated for production of extra-



vertebral prosthetic device; bone plate. In this re-
search, powdered potassium chlorate as an oxidant. 
 
2. Materials and Methods 
 
Agbaja iron ore concentrate used for this work was 
obtained from Nigerian Metallurgical Development 
Centre (NMDC) Jos. This concentrate was used in 
the as-received condition with particle size of 
150mm. The dried concentrate as beneficiated was 
mixed in different proportions with solid KClO3 
powder (obtained from Fisher Scientific Company 
Fair Lawn, New Jerry, USA) weighed with a triple 
beam balance at NMDC laboratory. Iron crucibles 
were filled with the sample mixtures containing 15g 
of KClO3 and 50g of the ore concentrate. The sam-
ples in the crucibles were then heated and held at 
varied temperature range 550-7500C in a Gallenk-
amp Hot pot electric furnace at NMDC laboratory 
for 5 minutes and thereafter were emptied on a white 
steel pan for observation. It is important to state that 
this temperature range was chosen to prevent the 
melting of the ore during the process. The experi-
ment was repeated three times in each case and the 
average values taken. A weighed quantity of the 
treated ore concentrate was taken in each case for 
chemical analysis (to determine percentage en-
hanced iron concentration) using wet chemical 
analysis method. 
 
2. 1 Model 
The solid phase (ore) is assumed to be stationary, 
contains some unreduced iron remaining in the ore. 
It was found [8] that oxygen gas from the decompo-
sition of KClO3 attacked the ore in a gas-solid reac-
tion, hence removing (through oxidation) the sulphur 
present in the ore in the form of SO2 .Equations (2) 
and (3) show this. 
 2KClO3 (s) → 2KCl (s) + 3O2 (g)                   (2)  
 S(s)     S(g) + O2 (g) → SO2 (g)                 (3) 
 
 Nwoye [8] posited that when sulphur inher-
ent in the iron ore is removed in this stance, the con-
centration of iron present in the ore becomes en-
hanced since sulphur is an impurity element. 
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2.2 Model Formulation 
 Experimental results obtained from research work 
carried out at NMDC Jos were used for this work. 

Computational analysis of these results shown in 
Table 1, gave rise to Table 2 which indicate that: 

 
  (approximately)           (4) 
                                     
 

   Introducing the value of α into equation (4); 
 
                              (5) 
                                     
 

   Expanding the LHS of equation (5) logarithmically 
gives: 

 
                       (6) 
                                     
 

 
   Multiplying the indices of both sides of equation 
(6) by 1/0.3876 
 

Heat  

   EI +  Io
  α  = ln (T/γ)     

      β                                    

   EI +  Io
  0.3876  = ln (T/γ)     

       β                                    

   EI +  Io
  0.3876  = ln T - ln γ     

       β                                    

Table 1:Variation of treatment temperature with percent  
enhanced iron concentration          

 T (0C)            EI (%)       M (g) 
   550 

    600 

    650 

    700 

    750 

          22.76 

          23.20 

          23.32 

          23.40 

          23.47 

 50 

  50 

  50 

  50 

 50 

Table 2: Variation of [(EI + Io)/β]α with ln(T/γ)      

      [(EI + Io)/β]
α       ln(T/γ) 

             3.7555 

             3.7648 

             3.7674 

             3.7691 

             3.7705 

       3.6019 

       3.6889 

       3.7689 

       3.8430 

       3.9120 



   EI +  Io
   = (ln T - ln γ)1/0.3876       

       β                                    

   EI +  Io
   = (ln T - ln γ)2.58       

       β                                    

                      (7) 
                                     
 
 
 
                               (8) 
                                     
 
 
   EI +  Io

  =  β [( lnT- lnγ )2.58]                              (9) 
 
           EI 

 =  β [( lnT- lnγ )2.58 ] -  Io                     (10) 
Equation (10) is the derived model. 
 where 
  E-I  = Enhanced iron concentration (%) 
    α = 0.3876 (Decomposition coefficient of KClO3 
during the beneficiation process) determined using C
-NIKBRAN [9] 
  (γ) = Weight of KClO3 added as oxidant during the 
beneficiation process (g). 
  (β) = 2.25 (Oxidation coefficient of KClO3 relative 
to its weight-input during the beneficiation           
process) determined using C-NIKBRAN [9] 
  Io = 45.6 % (Concentration of Fe in the ore (as 
mined)) determined in the experiment 
   T = Treatment temperature (0C) 
 
3. Boundary and Initial Condition  
 
Consider iron ore (in a furnace) mixed with potas-
sium chlorate (oxidant).The furnace atmosphere is 
not contaminated i.e (free of unwanted gases and 
dusts). Initially, atmospheric levels of oxygen are 
assumed just before the decomposition of KClO3 
(due to air in the furnace).Mass, M of iron oxide ore 
used; (50g), and treatment time; 360secs. were used. 
Treatment temperature range; 550-750oC, ore grain 
size; 150µm, and mass of KClO3 (oxidant); 15g were 
also used. These and other process conditions are as 
stated in the experimental technique. 
 The boundary conditions are: furnace oxygen 
atmosphere due to decomposition of KClO3 (since 
the furnace was air-tight closed) at the top and bot-
tom of the ore particles interacting with the gas 
phase. At the bottom of the particles, a zero gradient 
for the gas scalar are assumed and also for the gas 
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phase at the top of the particles. The reduced iron is 
stationary. The sides of the particles are taken to be 
symmetries.  
 
4. Model Validation 
 
The formulated model was validated by direct analy-
sis and comparison of the values of iron content en-
hancement EI predicted by the model and those ob-
tained from the experiment. Analysis and compari-
son between these EI values reveal deviations of 
model-predicted EI values from those of the experi-
ment. This is attributed to the fact that the surface 
properties of the ore and the physiochemical interac-
tions between the ore and the oxidant (KClO3) 
(under the influence of the treatment temperature) 
which were found to have played vital roles during 
the iron enhancement process were not considered 
during the model formulation. This necessitated the 
introduction of correction factor, to bring the model-
predicted EI values to those of the experimental EI 
values. 
 Deviation (Dv) (%) of model-predicted EI 
values from experimental EI values is given by: 

 
                                    (11) 
                        
 

     where 
                   Dp = Predicted EI values from model 
                   DE = Experimental EI values 
Correction factor (Cf ) is the negative of the devia-
tion  
 i.e.      Cf    = - Dv                                    (12) 
Therefore  

                                   (13) 
                      
 

Introduction of the corresponding values of Cf from 
equation (13) into the model gives exactly the 
corresponding experimental EI values. 
 
5. Results  
 
The derived model is given in equation (10) as: 
         EI = β   ( lnT- lnγ )2.58   - Io .  

 Dv = Dp - DE x 100 
              DE                                      

 Cf = - Dp - DE x 100 
                DE                                      



Computational analysis of experimental results in 
table 1 gave rise to table 2 where the values of both 
sides of the expression:  
              [(EI + Io)/β]

α = ln(T/γ)  
are correspondingly almost equal. The predicted re-
sults show that the model is most valid at the treat-
ment temperature range 650-7000C, within which 
maximum deviation is less than 16%. 
 
6. Discussion 
 
The validity of the model is believed to be rooted in 
the expression [(EI + Io)/β]

α = ln(T/γ)  where both 
sides of the expression are correspondingly almost 
equal. Table 2 also agrees with equation (4) follow-
ing the values [(EI + Io)/β]

α and ln(T/γ) evaluated 
from Table 1 as a result of corresponding computa-
tional analysis. 
 An ideal comparison of the enhanced iron concen-
tration as obtained from experiment and derived model for 
the purpose of testing the validity of the model is 
achieved by considering the R2 values. The values of the 
correlation coefficient, R calculated from the equation: 
 R = √R2         (14) 
using the r-squared values (coefficient of determina-
tion) from figures 1 and 2 show a better correlation 
(0.9996) with model-predicted enhanced iron con-
centration than that obtained from experiment 
(0.9108). This suggests that the model predicts more 
accurate and reliable values iron content enhance-
ment than the actual experiment despite its devia-
tions from the experimental values. 
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 Comparative analysis of the bars in 
figure 3 shows that both values of the enhanced iron 
concentration as obtained from the experiment (bar 

 
Figure 1: Variation of the treatment temperature with the 
percent iron enhancement as obtained from experiment 
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Figure 2: Variation of the treatment temperature with the 
percent iron enhancement as obtained from derived model. 
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Figure 3: Comparison of the enhanced iron concentrations 
as obtained from experiment and derived model  
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Figure 4: Comparison of the enhanced iron concentrations 
in relation to treatment temperatures as obtained from ex-
periment and derived model.  
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ExD) and the derived model (bar MoD) in relation to 
the treatment temperature are generally quite close 
hence, depicting proximate agreement. 
 Critical analysis of the radar shapes 
in figure 4 also shows that the enhanced iron con-
centrations as obtained from the experiment (ExD) 
and the derived model (MoD) in relation to the treat-
ment temperature are closely aligned, indicating 
proximate agreement. These shapes depict point to 
point comparison between model-predicted and ex-
perimental results. 
 
Variation of model-predicted enhanced iron con-
centration and treatment temperature with the as-
sociated deviations  

From figure 5, a comparison of the values of EI from 
the experiment and those from the model shows that 
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the model predicts more proximate value (to experi-
mental values) of enhanced iron concentration 
within the treatment temperature range; 650-7000C 
at deviation less than 16%. At this temperature 
range, the model-predicted percent enhanced iron 
concentrations; 23.39 and 26.95% which are in 
proximate agreement with iron enhancements (23.32 
and 23.40 %) obtained during the experimental ben-
eficiation process at temperatures 650 and 7000C 
respectively. Based on the foregoing, the model is 
most valid at this treatment temperature range. Fig-
ures 5 and 6 also indicate that the highest and least 
deviations; -30.67 and +0.30% (since the extent of 
deviation is a function of just the magnitude of the 
value whiles the mathematical sign preceding the 
value indicates whether the deviation is deficit or 
surplus) are associated with treatment temperature; 
550 and 6500C as well as enhanced iron concentra-
tion; 15.78 and 23.39% respectively. 
 
Variation of model-predicted enhanced iron con-
centration and treatment temperature with the as-
sociated correction factors 

Figure 7 shows that the highest and least correction 
factors (+30.67 and -0.30% ) also correspond to the 
model-predicted enhance iron concentrations: 15.78 
and 23.39% and treatment temperatures: 550 and 
6500C respectively. Comparison of figures.5-7 
shows that the curve for correction factor is opposite 
that of the deviation. This is attributed to the fact 
that correction factor is the negative of the deviation 
as shown in eqns. (12) and (13). It is believed that 

 
Figure 5: Variation of model-predicted enhanced iron con-
centration with its associated deviation from experimental 
values.  
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 Figure 6: Variation of treatment temperature with its associ-
ated deviation values.  
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Figure 7: Variation of model-predicted enhanced iron con-
centration with its associated correction factor 
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the correction factor takes care of the effects of the 
surface properties of the iron oxide ore and the 
physiochemical interaction between the ore and the 
oxidant (KClO3) which (affected experimental re-
sults) were not considered during the model formu-
lation 
 
7. Conclusion 
The model gives a predictive assessment of the con-
centration of enhanced iron during processing of 
haematite designated for production of extra-
vertebral prosthetic device; bone plate. Iron en-
hancement is dependent on the treatment tempera-
ture which significantly influences decomposition of 
the potassium chlorate used as oxidant, hence releas-
ing oxygen for the enhancement process. Predicted 
results show that the model is most valid at the treat-
ment temperature range 650-7000C, within which 
deviation is less than 16%. The model-predicted iron 
content enhancement; 23.39 and 26.95% are in 
proximate agreement with values (23.32 and 23.40 
%) obtained during the actual beneficiation process 
at temperatures 650 and 7000C respectively. The va-
lidity of the model is rooted in the expression [(EI + 
Io)/β]

α = ln(T/γ) where both sides of the expression 
are correspondingly almost equal. 
 Further works should incorporate more proc-
ess parameters into the model with the aim of reduc-
ing the deviations of the model-predicted %Fe val-
ues from those of the experiment 
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