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Abstract: This research aimed to enhance the column bioleaching recovery of uranium ore by Acidithiobacillus ferrooxidans. Seven 

factors were examined for their significance on bioleaching using a Plackett−Burman factorial design. Four significant variables 

([Fe2+]initial, pH, aeration rate and inoculation percent) were selected for the optimization studies. The effect of these variables on 

uranium bioleaching was studied using a central composite design (CCD). The optimal values of the variables for the maximum 

uranium bioleaching recovery (90.27±0.98)% were as follows: [Fe2+]initial=2.89 g/L, aeration rate 420 mL/min, pH 1.45 and 

inoculation 6% (v/v). [Fe2+]initial was found to be the most effective parameter. The maximum uranium recovery from the predicted 

models was 92.01%. This value was in agreement with the actual experimental value. The analysis of bioleaching residue of uranium 

ore under optimum conditions confirmed the formation of K-jarosite on the surface of minerals. By using optimal conditions, 

uranium bioleaching recovery is increased at column and jarosite precipitation is minimized. The kinetic model showed that uranium 

recovery has a direct relation with ferric ion concentration. 
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1 Introduction 
 

Nowadays, due to decreasing of high-grade uranium 

ore deposits and also environmental considerations, it 

will become necessary to process lower grade deposits to 

fuel the world’s nuclear reactor [1]. 

The combined chemical/microbial process is known 

as a bioleaching in which ferric-iron and protons form 

part of the reactant of the leaching reaction. The leaching 

agents generate and regenerate by the microorganisms to 

facilitate the reaction by creating a reactive space in 

which the leaching takes place and maintains high 

Fe
3+

/Fe
2+

 ratios due to continuous oxidation as part of 

their respiratory process [2,3]. Bioleaching can avoid the 

use of the conventional oxidants (MnO2, H2SO4, HClO3) 

while reducing the acid consumption in the presence of 

bacteria such as Acidithiobacillus ferrooxidans to 

continuously regenerate acidic ferric sulfate for uranium 

leaching and is known to be economical and 

environmentally acceptable [4,5]. The Fe
2+

 oxidation is 

an energy source for the growth of bacteria, so 

parameters that may influence bioleaching are the 

concentrations of Fe
2+

 and Fe
3+

 and the solution pH. It 

should be noted that the Fe
3+

 concentration is a limiting 

factor in bacterial growth inhibiting the molecular 

oxygen uptake [5−7]. 

Lower recovery and longer extraction time are main 

limitations of bioheap leaching that is related to a  

limited fundamental understanding of the process. 

Understanding of the physico-chemical, biological and 

environmental factors that drive a heap and affect 

recovery of metal from ore helps to improve the main 

process [8−13]. Physical and chemical parameters 

include temperature, pH, redox potential, O2 and CO2 

contents and availability, nutrient availability, Fe
3+

 

concentration and presence of inhibitors. Biological 

parameters include microbial activity, attachment to ore 

particles, adaptation abilities and inoculums. Ore 

characteristics include mineral type and composition, 

grain size, porosity, acid consumption, free surface area, 

hydrophobicity, galvanic interactions and formation of 

secondary minerals [2,12]. 

Column bioleaching, as a model of heap    

leaching, was investigated in previous studies for the 

recovery of uranium from different ores, but the longtime 
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operation and slow leaching kinetics are some of the 

drawbacks [14−19]. To improve the efficiency of the 

process, it is necessary to determine and optimize the 

predominant parameters. GUAY et al [14] investigated 

uranium bioleaching in a column by Acidithiobacillus 

ferrooxidans. The results revealed that the maximum 

uranium biorecovery was 68% at the 9th day with initial 

ferrous ion concentration of 5 g/L and pH 2.3.   

JUNIOR [15] showed that uranium bioleaching 

recoveries during 45 d by small and tall columns were 

60% and 50%, respectively. Uranium bioleaching in 

columns was also investigated by MUNOZ et al [16] for 

the Spanish uranium ore (0.087% U3O8) with 85% 

uranium recovery. Uranium bioleaching recovery of 

96.82% was achieved by QIU et al [17] in the column on 

the 97th day. Several investigations by ABHILASH    

et al [18,19] about column bioleaching of different 

uranium ores exhibited uranium recoveries of 58.9% and 

66% at pH 1.7 for 40 d. Furthermore, the authors’ 

previous study on column bioleaching of uranium ore 

showed that the maximum uranium recovery under the 

optimum conditions (particle size d80 5 mm, irrigation rate 

0.34 L/(m
2
·min

−1
), and aeration rate 210 L/(m

3
·min

−1
)), 

was 63.85% [20]. For comprehensive understanding and 

control of the underlying fundamental processes, the 

study of the key parameters in the different ranges for the 

bioleaching is necessary. In this study based on physical, 

chemical  and biological parameters, ore characteristics 

and hydrodynamic factors, different parameters such as 

initial Fe
2+

 concentration, initial pH, aeration rate, 

irrigation rate, particle size, temperature and inoculation 

percent were evaluated for enhancing the recovery of 

uranium bioleaching by the indigenous Acidithiobacillus 

ferrooxidans in column. A multi-objective optimization 

strategy for enhancing uranium bioleaching recovery was 

applied using response surface methodology (RSM) to 

find the optimal values for different factors. Finally, 

kinetic modeling of uranium bioleaching in column was 

studied under optimum conditions. 

 

2 Experimental 
 
2.1 Ore characterization 

A bulk of low grade uranium ore was obtained from 

the Saghand Uranium Mine in the center of Iran. The 

bulk sample was initially crushed by a jaw crusher from 

150 mm top size down to 20 mm. The sample was 

prepared in two particle sizes: d80 of 2.5 and 12.5 mm. 

The ore particle size distribution and uranium content are 

shown in Table 1. The chemical composition of the 

uranium ore is given in Table 2. The X-ray 

diffractometer (XRD, D8−Advance, Bruker AXS) was 

used to qualitatively analyze the mineral phases at room 

temperature (Fig. 1(a)). The analysis results showed that 

major minerals are magnetite, talc, actinolite, antigorite, 

pyrite and hematite. The sulfides are mainly presented by 

pyrite, which is 5.4% in the sample. The uranium oxide 

is located in the magnetite grains or intergrowth with 

them (Fig. 1(b)). The mineralogy of ore showed that 

uraninite (average size 100 µm) was the main uranium 

mineral in the ore (Fig. 1(c)). 

 

Table 1 Particle size distribution and uranium content of ore 

sample 

Screen size/mm 
Cumulative passing/% 

d80=12.5 mm d80=2.5 mm 

+19.000−22.600 95.46 − 

+12.700−19.000 82.70 − 

+9.510−12.700 69.08 − 

+8.000−9.510 61.51 − 

+4.760−8.000 49.08 95.20 

+2.380−4.760 36.97 79.23 

+1.000−2.380 27.24 56.90 

+0.707−1.000 23.89 49.46 

+0.500−0.707 20.11 40.34 

+0.297−0.500 15.57 30.01 

+0.210−0.297 10.16 17.77 

+0.105−0.210 4.32 4.80 

≤0.105 0 0 

Grade of U3O8/% 0.025 0.027 

 

Table 2 Chemical composition of ore sample (mass 

fraction, %) 

Fe2O3 SiO2 MgO CaO Al2O3 K2O Na2O P2O5 

42.05 26.39 22.22 2.35 2.21 0.63 0.11 0.71 

 

2.2 Microorganism and media 

Previously isolated bacterium Acidithiobacillus 

ferrooxidans strain ZT-94 (NCBI GeneBank accession 

number KU726246.2) from uranium mine was used in 

this work. This isolate was grown in modified medium 

(pH 2) with 20 g/L FeSO4·7H2O, 2.0 g/L (NH4)2SO4,  

0.5 g/L MgSO4·4H2O, 0.5 g/L K2HPO4, 0.1 g/L KCl and 

0.01 g/L Ca(NO3)2·4H2O were incubated in Erlenmeyer 

flasks of corresponding medium on a rotary shaker at 

150 r/min and 30 °C. The cell concentration was about 

2.8×10
7
 cell/mL except for the control column. 

 

2.3 Analytic methods 

Samples of leaching solution were regularly 

withdrawn for concentration measurement of uranium 

and iron. Uranium concentration was determined by 

ICP-OES (Perkin Elmer Optima 2000 DV). 

5-sulfosalicylic acid (SSA) testing was used for ferric ion 
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Fig. 1 XRD pattern of uranium ore (a), picture of mineral 

constituents of Saghand uranium ore under optical microscope 

(b) and EDX spectrum of uraninite (c) 

 

and total iron measurement to evaluate the bacterial  

activity in ferrous ion oxidation to ferric using a standard 

diagram of absorbance [21]. The pH and the redox 

potential values were measured with a pH meter 

(Metrohm 827) and with a combined Pt-ring electrode 

(reference electrode Ag/AgCl, reference electrolyte     

3 mol/L KCl), respectively. The number of free bacteria 

was estimated using a Neubauer chamber with a depth of 

0.1 mm and an area of 0.0025 mm
2
. An optical 

microscope (Ceti) with a magnification of 1000 was used 

in this work. 

2.4 Column bioleaching experiments 

Six columns were fabricated from 5 mm thick glass, 

which was 50 cm high with an internal diameter of   

7.5 cm. A plexiglass support plate with multiple holes 

(d1.5 mm) was fixed at the bottom of the column, 

allowing air to be injected and dispersed uniformly over 

the particle bed in the column. A 4 mm inert silica rock 

drainage layer was placed at the bottom of the column to 

prevent blockage during the percolation stage. The 

leaching solution was passed through the ore sample by 

gravity force and collected in PVC containers. The 

leaching solution was not re-circulated. The columns 

were maintained isotherm using an external heating coil 

wrapped around the columns and thermostat. 

In order to prevent clogging in the space between 

the larger ore particles by fine particles and poor 

interaction between the ore and leach solution, the 

agglomeration process was used. The agglomeration of 

ore was done for 10 min at 50 r/min with solution 

containing 1.3 mol/L H2SO4 with humidities of 6.25% 

and 5.05% for particle sizes 2.5 and 12.5 mm, 

respectively. The agglomerated 3 kg ore was loaded in 

the columns. At the end of all experiments the columns 

were emptied and the contents were dried and sampled. 

 

2.5 Plackett−Burman design 

According to physical, chemical and biological 

parameters and ore characteristics, irrigation rate, 

aeration rate, the concentration of initial ferrous, pH, 

temperature, inoculation percent and particle size were 

picked up. The most significant parameters in column 

bioleaching of uranium ore were identified via the 

Plackett−Burman design. All of the parameters were 

represented at two levels. The selected ranges of 

parameters were determined based on authors’ previous 

studies and literature review. The uranium recovery was 

considered as a response of the Plackett−Burman design 

and the main effects of parameters on the bioleaching 

efficiency were estimated. The experimental parameters 

with the name, symbol code and actual level are shown 

in Table 3. Finally, four more efficient and significant 

factors that had a greater impact on the uranium 

bioleaching were identified for the optimization step. The 

Plackett−Burman factorial design did not describe the 

interaction among the factors, and it was used to screen 

and evaluate the important factors that affect the 

response. The experimental design and the statistical 

analysis of the data were performed using the Design 

Expert (version 7.1.4). Furthermore, the effects and the 

interactions of the four factors were examined in order to 

find the optimal conditions by using central composite 

design (CCD), the most popular response surface 

method. 
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Table 3 Experimental parameters in two levels used for column 

bioleaching of uranium ore by Acidithiobacillus ferrooxidans 

using Placket−Burman design 

Parameter 
Symbol 

code 

Experimental value 

Lower Higher 

Temperature/°C X1 20 40 

pH X2 1.25 2.25 

[Fe2+]Initial/(g·L−1) X3 0 4 

Particle size, d80/mm X4 2.5 12.5 

Irrigation rate/(mL·min−1) X5 0.75 2.25 

Aeration rate/(mL·min−1) X6 1200 2200 

Inoculation percent (v/v)/% X7 5 15 

 

2.6 Response surface methodology 

Response surface methodology (RSM) applies the 

mathematical and the statistical approaches by the aim of 

optimizing a response which is influenced by several 

independent variables. Although the mathematical model 

is empirical, knowing the detailed reaction mechanisms 

during modeling is not necessary [22]. The number of 

CCD experiments is calculated based on 2
n
 factorial 

designs with 2n axial points and n0 center points 

(2
n
+2n+n0) [23]. A four-variable CCD using 30 

experiments consisting of 16 factorial design points (2
4
), 

8 axial points and 6 center repeating points (to determine 

experimental error) was used to optimize the  

parameters. Each factor was defined at five levels (−α, 

−1, 0, +1, +α), where α is the distance of the axial point 

from the center. For a full factorial design, the value of α 

is determined as 2
k/4

, where k is the number of 

independent parameters. Empirical model describing the 

experimental results was developed using data collected 

from the designed experiments. To predict the uranium 

recovery, the model was selected. 

 

2.7 Validation experiments 

Three independent column bioleaching experiments 

were conducted applying the optimal conditions obtained 

from CCD design to confirm the agreement of both 

results (uranium recovery) achieved from the model and 

experiments. 

 

2.8 Derivative kinetic model 

The kinetics of leaching can generally be described 

by a rate expression of the following form [24]: 
 

d
( ) ( ) (1 )

d

X
K T F C W X

t
                       (1) 

 

where K(T) is a rate constant which is a function of 

temperature and initial mineral grain size, F(C) is a 

function of solution composition such as [Fe
3+

], [Fe
2+

] 

and proton. Assuming that temperature and particle size 

are all fixed, K(T) will be constant. W(1−X) is a 

semi-empirical function of the fraction of unreacted 

mineral, which represents the topology changing of the 

mineral surface over the leaching period. Often, for 

finely ground particles, W(1−X) conforms to some 

well-known forms, such as the shrinking sphere or 

shrinking core model [24]. 

For chemical function, F(C), previous studies 

showed that the leaching of UO2 by chemical oxidants 

took place by an electrochemical mechanism in acidic 

solutions. The kinetics of electrochemical leaching of 

UO2 considers the relationship between the rate of 

transfer of charge and the potential for the half-cell 

reactions Eqs.(2) and (3) [25,26]. 

The half reaction for oxidation of UO2, 
 

2
2 2UO UO 2e                             (2) 

 

The reduction of oxidant in the solution, written as 
 

3 22Fe 2e 2Fe                             (3) 
 

For different [Fe
3+

] and [Fe
2+

] in solution, F(C) can 

be one of the following cases [25−27]: 

1) At high ratio of Fe
3+

/Fe
2+

, due to the anodic 

oxidation of Fe
2+ 

the partial anodic current is negligible 

compared with that due to the anodic oxidation of UO2. 

Under these conditions, F(C) is a function of [Fe
3+

]
m
, 

m≥0.5. 

2) By increasing [Fe
2+

] in the solution, the rate of 

leaching of UO2 decreases. The anodic oxidation of UO2 

is a function of [Fe
3+

]/[Fe
2+

] ratio. Under these 

conditions, F(C) is a function of ([Fe
3+

]/[Fe
2+

])
m
, m≥0.5. 

3) At higher [Fe
2+

], the anodic oxidation rate of Fe
2+

 

on the UO2 surface is a function of ([Fe
3+

]/[Fe
2+

])
m
, 

m≥0.5. 

In bioleaching process because of bacterial activity, 

the concentration of ferric as an oxidant varies during the 

bioleaching process. To take account of the variation of 

[Fe
3+

] and [Fe
2+

], the model should be modified by 

changing F(C) by increasing the time. 

The topological function used here is a simple 

power-law expression of the fraction unreacted [24]: 
 

(1 ) (1 )W X k X   
                         (4) 

 

where φ represents the leaching of any grain topology 

from uniform spheres to a broad range of grain sizes. If 

mineral particles are assumed to be spherical and to 

shrink at a rate proportional to the progress of the 

leaching, it can be equal to 2/3 (shrinking sphere or core 

model). It may also be as high as 3 when the distribution 

of the effective grain size is particularly wide [24,28]. 

Equation (1) can be integrated to the following equation: 
 

1

1( ) 1 [1 ( )( 1) ] ,  0X t KF C t                 (5) 
 

The parameter values of K, φ and m (power of 
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oxidant) obtained by the minimization of mean squared 

error (MSE) between optimum conditions and model 

data by using Eq. (5). 

 

3 Results and discussion 
 

3.1 Selection and evaluation of main factors in 

column bioleaching of uranium 

Using the Plackett−Burman screening design, seven 

assigned factors were screened in 12 experimental 

designs (Table 4). All the experiments were carried out in 

duplicate and the averages of the uranium extraction 

rates were taken as the response. The wide variation of 

uranium recovery from (4.75±0.47)% to (87.29±2.09)% 

showed the importance of optimization of the main 

factors to attain higher yields. Figure 2 depicts the 

estimated effect of each factor on uranium bioleaching. 

Initial Fe
2+

 concentration, pH, aeration rate and 

inoculation percent with higher effect, were selected for 

further optimization. It is seen from Fig. 2 that the most 

effective factor is initial Fe
2+

 concentration with positive 

effect, indicating that increasing initial Fe
2+

 

concentration from 0−4 g/L increases uranium recovery, 

which is in accordance with the growth of bacteria 

depending on the Fe
2+

 oxidation as an energy source. The 

function of bacteria is mainly to enhance the oxidative 

leaching by Fe
3+ 

ions from the biocatalysis of the 

reoxidation of Fe
2+

 by oxygen. Additional Fe
3+

 

concentration only enhances the initial leaching rate but 

not the final leaching yields [28]. Fe addition can cause 

precipitation and heap clogging problems. The solubility 

of iron species is defined by their concentrations in 

solution. Thus, the optimization of these parameters may 

greatly improve the uranium recovery. 
 

Table 4 Twelve−trial Placket−Burman design matrix for seven 

variables with coded values along with observed metal 

recovery 

Run X1 X2 X3 X4 X5 X6 X7 Uranium recovery/% 

1 −1 −1 −1 +1 −1 +1 +1 60.39±1.76 

2 +1 −1 +1 +1 −1 +1 +1 87.29±2.09 

3 +1 −1 +1 +1 +1 −1 −1 81.78±2.30 

4 +1 +1 +1 −1 −1 −1 +1 83.01±1.66 

5 −1 −1 +1 −1 +1 +1 −1 69.40±1.32 

6 −1 +1 +1 −1 +1 +1 +1 74.29±1.84 

7 +1 −1 −1 −1 +1 −1 +1 77.55±2.15 

8 −1 −1 −1 −1 −1 −1 −1 68.60±2.04 

9 −1 +1 +1 +1 −1 −1 −1 73.09±1.45 

10 −1 −1 −1 +1 +1 −1 +1 35.56±1.11 

11 +1 +1 −1 −1 −1 +1 −1 16.40±0.95 

12 +1 +1 −1 +1 +1 +1 −1 4.75±0.47 

 

 

Fig. 2 Estimated effects of seven variables via Plackett– 

Burman design on column bioleaching of uranium ore 

 

The second important factor was pH with a negative 

effect on uranium bioleaching in columns in the range of 

1−2.25, which is due to ferric ion and acid regeneration 

by microbial population. Thus, accurate determination of 

the leaching solution pH and acid consumption during 

uranium ore bioleaching is important for evaluation of 

leaching performance and cost. The pH has a significant 

effect on the dissolution process, controlling the 

oxidation of microorganisms [29]. 

Aeration rate, as the third significant factor, has a 

negative effect on the column bioleaching of uranium. 

Oxygen is often a limiting factor in heap bioleaching and 

therefore, aeration helps to increase leaching rates. 

The last important factor, inoculation percent, has a 

positive effect on the bioleaching rate as the increase in 

inoculation percent raises the cell concentration in the 

medium and leads to better extraction of metals. But 

increasing inoculation percent causes some ions to 

precipitate on the ore in column. The insignificant 

variables were neglected and the optimum values of the 

four significant variables were further determined by a 

CCD design. All other variables used in the trials 

remained at the high or low level, according to the sign 

of their effects, except for temperature of 30 °C. 

 

3.2 Optimization of effective parameters by central 

composite design (CCD) 

3.2.1 CCD and fitted regression model related to 

uranium recovery 

In this research, 30 column bioleaching experiments 

were performed for a four-factor design to satisfy a CCD. 

The boundaries for each variable (obtained from 

screening) are presented in Table 5. Data obtained from 

the experiments were statistically analyzed to identify the 

significance of the factors, their optimal values and 

interactions, also to attain the best possible regression 

model for the uranium recovery according to these 

factors. The design matrix and the corresponding results 

of CCD experiments are shown in Table 6. 
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Table 5 Selected parameters at different levels used for column bioleaching of uranium ore experiment 

Factor Parameter Low axial Low factorial Center point High factorial High axial* 

A [Fe2+]initial/(g·L−1) 0 1 2 3 4 

B pH 1 1.25 1.5 1.75 2 

C Aeration rate/(mL·min−1) 400 700 1000 1300 1600 

D Inoculation percent (v/v)/% 4 6 8 10 12 
*
 α=2 

 

Table 6 Experimental plan based on CCD and results of uranium recovery 

Run Point type 
Experimental value (actual) 

 
Uranium recovery/% 

[Fe2+]initial/(g·L−1) pH Aeration rate/(mL·min−1) Inoculation percent (v/v)/% Experimental Predicted 

1 Axial 4 1.5 1000 8  81.65 78.82 

2 Factorial 3 1.25 1300 10  82.50 84.54 

3 Factorial 3 1.75 700 10  83.40 78.20 

4 Center 2 1.5 1000 8  79.25 80.44 

5 Factorial 3 1.25 700 6  87.05 88.25 

6 Center 2 1.5 1000 8  83.45 80.44 

7 Axial 2 1 1000 8  81.55 82.17 

8 Factorial 1 1.25 1300 6  68.50 71.43 

9 Factorial 3 1.75 1300 10  81.00 82.81 

10 Factorial 1 1.75 700 6  74.95 74.18 

11 Axial 2 1.5 1000 4  82.12 82.37 

12 Factorial 1 1.25 1300 10  80.40 78.20 

13 Factorial 1 1.75 700 10  75.90 76.18 

14 Factorial 1 1.75 1300 10  77.10 76.47 

15 Factorial 3 1.25 700 10  84.55 84.25 

16 Center 2 1.5 1000 8  81.23 80.44 

17 Factorial 1 1.25 700 6  79.05 75.91 

18 Factorial 1 1.25 700 10  78.75 77.91 

19 Axial 2 2 1000 8  78.31 78.71 

20 Factorial 3 1.25 1300 6  84.50 83.77 

21 Center 2 1.5 1000 8  79.90 80.44 

22 Factorial 3 1.75 700 6  85.65 86.52 

23 Center 2 1.5 1000 8  78.95 80.44 

24 Axial 2 1.5 1000 12  84.99 85.14 

25 Axial 0 1.5 1000 8  56.90 60.14 

26 Center 2 1.5 1000 8  80.46 80.44 

27 Factorial 1 1.75 1300 6  72.20 69.70 

28 Factorial 3 1.75 1300 6  80.80 82.04 

29 Axial 2 1.5 1600 8  84.09 82.90 

30 Axial 2 1.5 400 8  85.50 87.09 

 

The modified quadratic model was used to predict 

uranium recovery. The model for column bioleaching of 

uranium using coded factors is presented in the following 

equation: 

η=80.44+4.67A−0.87B−1.05C+0.69D−1.50AD+ 

1.19CD−2.74A
2
+1.14C

2
+0.83D

2                     
 (6) 

 

where η is the uranium recovery (%); A, B, C and D are 

the coded values of the test variables, [Fe
2+

]Initial (A) in 
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g/L, pH (B), aeration rate (C) in mL/min and inoculation 

percent (D) in % and the constant values of 80.44 is the 

offset term. Multiple letters (such as “AD”) denote an 

interaction between the parameters. 

The relative contribution of each term of the 

independent variable to each dependent variable (i.e., the 

predictor) was directly measured by the respective 

coefficient in the fitted model. Equation (6) shows that 

initial Fe
2+

 concentration has an important and positive 

effect on uranium recovery. Aeration rate and pH have a 

negative effect and inoculation percent has a positive 

effect on uranium column bioleaching. The empirical 

model also demonstrates that there is a negative 

interaction between [Fe
2+

]Initial and inoculation percent, 

while the interaction between aeration rate and 

inoculation is positive. 

The best way to identify substantive departure from 

normality is to construct a normal probability plot that 

can evaluate the normality of a data set. A straight line on 

a normal probability plot shows that the error terms or 

residuals follow a normal distribution. Figure 3 shows 

the normal probability plot for uranium. All of points 

align fairly close to a straight line, indicating nearly 

normal data. In order to achieve an accurate polynomial 

function of the 2nd order, each experimental factor was 

evaluated with respect to linear, quadratic and interaction 

components. Multiple regression analysis was utilized to 

calculate the coefficients of the model. 

 

 

Fig. 3 Normal plot of residuals 

 

The results of analysis of variance (ANOVA) are 

shown in Table 6. This statistical tool is required to test 

the significance and the adequacy of the model. Higher 

F-values indicate the increased importance of the  

factors [26]. In general, the calculated F-value should be 

several times greater than the tabulated value. The 

p-value in ANOVA indicates that the model is significant 

at R
2 

=0.9211 for uranium recovery. A p-value <0.05 

indicates that the model term is significant at a 95% 

confidence level. p-values for the lack of fit were >0.05 

and not significant, confirming the fitness of the model. 

As shown in Table 7, the “Prob >F” p-value for the 

model is <0.0001 (p<0.05), which indicates that the 

model is statistically significant with a confidence 

interval of 99.99%. The model F-value (25.93 for 

uranium recovery) implies that the model is significant 

and that there is only a 0.01%. 

 

Table 7 Results of analysis of variance 

Source 
Sum of 

square 
df 

Mean 

square 
F-value 

p-value 

Prob >F 

Model 940.21 9 104.47 25.93 <0.0001 

A: [Fe2+]initial 523.60 1 523.60 129.97 <0.0001 

B: pH 17.99 1 17.99 4.47 0.0473 

C: Aeration rate 26.29 1 26.29 6.53 0.0189 

D: Inoculation percent 11.54 1 11.54 2.86 0.1061 

AD 36 1 36 8.94 0.0072 

CD 22.80 1 22.80 5.66 0.0272 

A2 210.24 1 210.24 52.19 <0.0001 

C2 36.38 1 36.38 9.03 0.0070 

D2 19.28 1 19.28 4.79 0.0407 

Residual 80.57 20 4.03   

Lack of fit 67.02 15 4.47 1.65 0.3038 

Pure error 13.55 5 2.71   

Cor total 1020.78 29    

 

Figure 4 shows the data from the statistical model 

(Eq. (6)) versus experimental data (predicted vs actual). 

The locations of points around the diagonal line confirm 

the correlation of the predicted and experimental data. 

 

 

Fig. 4 Comparison of actual and predicted values for uranium 

recovery 

 

The quality of fit of the model equation is expressed 

with the coefficient of determination (R
2
). The 

coefficient of determination (R
2
) provided the proportion 

of the total variation in the response variable described 
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by the predictors included in the model. The coefficient 

of determination (R
2
) of the model is 0.9211 for uranium 

recovery, which further indicates that the model is 

suitable for adequate representation of the real 

relationships among the variables. 

The coefficient of variance (CV) for the uranium  

recovery was determined to be 2.51%. The CV as the 

ratio of the standard error of estimate to the mean-value 

of the observed response (as a percentage) was used as a 

measure of reproducibility of the model. As a general 

rule, a model can be considered reasonably reproducible 

if the CV is not greater than 10%. The model showed no 

lack of fit, and the adequate precision value, which 

provided a measure of the signal-to-noise ratio, was 

found to be 24.263, which indicates an adequate signal. 

A signal-to-noise ratio >4 is desirable. All results showed 

that the predicted model for the uranium recovery can be 

used to build the space defined by the CCD. 

3.2.2 Response surface plotting and column bioleaching 

optimization based on maximum uranium recovery 

To have a better view of the results and to realize the 

relationship among the four factors, the three- 

dimensional response surface plots of uranium recovery 

as well as the contour plot of the regression model are 

presented in Figs. 5 and 6. Due to the meaningful effects 

of the interactions on uranium recovery, the axes in these 

plots were selected as the interaction statements with 

p<0.05 and the largest absolute coefficients in the fitted 

model: AD ([Fe
2+

]initial × inoculation percent) and CD 

(aeration rate × inoculation percent). In the model, A 

([Fe
2+

]initial) was a significant variable affecting the 

response and this variable showed significant interaction 

with D (inoculation percent). Based on the predicted 

model, variable C (aeration rate) had interaction with 

variable D. 

 

 

Fig. 5 Surface plots of interactive effect ([Fe2+]initial and inoculation percent) for uranium recovery at different levels of pH and 

aeration rate: (a) pH 1, aeration rate 400 mL/min; (b) pH 1.5, aeration rate 400 mL/min; (c) pH 2, aeration rate 400 mL/min; (d) pH 1, 

aeration rate 1000 mL/min; (e) pH 1.5, aeration rate 1000 mL/min; (f) pH 2, aeration rate 1000 mL/min; (g) pH 1, aeration rate  

1600 mL/min; (h) pH 1.5, aeration rate 1600 mL/min; (i) pH 2, aeration rate 1600 mL/min 
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Fig. 6 Contour plot (a) and surface plot (b) of uranium recovery 

vs aeration rate and inoculation percent at [Fe2+]initial and pH 

values of 3 g/L and 1.5, respectively 

 

Figure 5 shows three-dimensional surface plot of 

the empirical model for uranium recovery as a function 

of four factors. [Fe
2+

]initial and inoculation percent were 

used for RSM plots of uranium recovery, while the pH 

and aeration rate increased from 1 to 2 (at three levels 

from left to right) and from 400 to 1600 (at three levels 

from top to bottom), respectively. As shown in Fig. 5, the 

maximum uranium recovery was achieved at [Fe
2+

]initial 

about 3 g/L. In all conditions (Fig. 5) by increasing Fe
2+

 

concentration from 0 to 3 g/L, uranium recovery 

increased while further increasing concentration from 3 

to 4 g/L uranium recovery decreased. A curvature type 

relationship existed between the uranium recovery and 

the initial Fe
2+

 concentration. The importance of using 

biogenic Fe
3+

 in the biooxidation process should be 

emphasized as it plays a major role. Thus, bioleaching in 

the presence of Fe
3+

 can be exploited to achieve the 

higher leaching rate. Biological oxidation of Fe
2+

 has 

been proved to be a significant step in dissolving 

uranium. Fe
2+

 is readily oxidized to Fe
3+

 which can serve 

as an electron donor [30,31]. The uranium recovery is 

strongly influenced by initial Fe
2+

 concentration. It can 

be seen that, at low Fe
2+

 concentration, uranium recovery 

has the minimum value. 

According to the surface plots, the highest recovery 

of uranium bioleaching is obtained at 6% inoculation 

percent, [Fe
2+

]initial ≈ 3 g/L, minimum aeration rate 400 

mL/min and pH 1.5. At three levels of aeration rate (400, 

1000, 1600 mL/min) by increasing the pH from 1 to 1.5, 

uranium recovery increased. With further increase of pH 

from 1.5 to 2, the uranium recovery decreases to its 

lowest values. The main reason for decreasing the 

uranium recovery at pH less than 1.5 is the inhibition of 

growth of the cells. An acidic environment must be 

maintained in order to keep Fe
3+

 and uranium in solution 

and facilitate leaching [32]. Acidity is controlled by the 

oxidation of iron, sulfur, metal sulfides, and by the 

hydrolysis of ferric iron. 

Figure 5 shows that by changing the aeration rate 

from 1000 to 400 mL/min (at different levels of pH) the 

uranium recovery increased at low values of inoculation 

percent. On the other hand, when the aeration rate 

increasd from 1000 to 1600 mL/min, the uranium 

recovery increased but not as much as that at low 

aeration rate, besides the plot surface changed and 

maximum uranium recovery happened at the high value 

of inoculation percent (10%). The less the aeration rate 

and inoculation percent are, the lower the operational 

cost in the bioleaching process is. From Fig. 5 and    

Eq. (6), the inoculation percent was almost linear and 

had less considerable effect on the uranium bioleaching. 

Actually, the inoculation concentration does not 

significantly change the overall uranium extraction. This 

behaviour can be explained by the fact that bacteria 

initially grow exponentially, eventually the bacterial 

concentrations all reach the same peak (and drop due to 

ferrous ion limitation) regardless of the initial bacterial 

concentration. It takes longer for the bacteria to grow to 

the peak concentration. As presented in Fig. 5, the 

highest uranium recovery corresponded to the lowest 

value of inoculation percent (6%), aeration rate     

(400 mL/min), [Fe
2+

]initial ≈ 3 g/L and pH 1.5. 

The dependence of uranium recovery on aeration 

rate and inoculation percent is shown by the 

second-order isoresponse counter and surface plot when 

[Fe
2+

]initial and pH were fixed at 3 g/L and 1.5, 

respectively. Availability and supply of oxygen and 

carbon dioxide by control of aeration rate help the 

growth of bacteria in different parts of column. The air 

transport is a function of column permeability and 

saturation. According to Figs. 5 and 6, the selected 

minimum level of aeration rate based on irrigation rate 

and low water saturation was adequate for uranium 

extraction by bacteria. As presented in Fig. 6, the highest 

uranium recovery corresponded to the lowest value of 

aeration rate and inoculation percent. If oxygen is 

sufficiently present at all the points of heap, an increase 

in aeration rate does not increase the leaching rate [12]. 
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This is because mass transfer into the liquid phase is 

driven primarily by oxygen partial pressure in air, which 

would not change at the increased flow rates. However, 

the forced aeration of heaps has shown no statistically 

significant effect on leach kinetics. The forced aeration 

may be beneficial to operations where the gaseous 

porosity is marginal [33]. 

 

3.3 Determination of optimal conditions and 

validation of model 

According to the numerical optimization by 

Design-Expert 7.1.4, and based on the maximum 

desirability function under optimal conditions as follows: 

[Fe
2+

]initial=2.89 g/L, aeration rate 420 mL/min, pH 1.45 

and inoculation percent 6% (v/v), the maximum uranium 

recovery was predicted as 92.01%. This value is in 

agreement with the results obtained from the 

three-dimensional surface and contour plots. For the 

verification of these predictions, three independent 

bioleaching experiments and one experiment without 

bacteria (control test) under optimal conditions were 

carried out for 21 d. The results of the experiment 

performed under the optimal conditions are presented in 

Table 8. It is notable that the experimental and the 

predicted values from the polynomial model were in 

close agreement at a 95% confidence interval. 

Figure 7(a) shows uranium ore column bioleaching 

by Acidithiobacillus ferrooxidans under optimal 

conditions. As can be seen, the maximum recovery of 

uranium is 90.27% at day 21, which is in accordance 

with the recovery predicted by the model from CCD 

design experiments. 

Figure 7(b) shows the variation of pH and redox 

potential (ORP) vs time during uranium ore column 

bioleaching. According to Fig. 5, uranium extraction is 

directly related to Fe
3+

 concentration (ORP). The 

oxidation of ferrous to ferric ions by microorganism  

(Eq. (7)) produces adequate ferric ion for uranium 

leaching (Eq. (8)). The main role of the microorganisms 

is both to regenerate the leaching agents (Fe
3+

) and to 

facilitate the reaction by creating a reaction space in 

which the leaching process occurs [34−36]. Pyrite and 

magnetite minerals in the ore are responsible for 

increasing Fe content in solution. The dissolution of 

pyrite and magnetite is done by the bacterial oxidation 

and sulfuric acid, respectively (Eqs. (9) and (10)). 
 

4 2 4 2
 

4FeSO 2H SO O
A. ferrooxidans

    

2 4 3 22Fe (SO ) 2H O                       (7) 
 

2 2 4 3 2 4 4UO Fe (SO ) UO SO 2FeSO             (8) 
 

2 2 4 2
 

4FeS 2H SO O
A. ferrooxidans

    

4 22FeSO 2H O 4S                       (9) 
 

3 4 2 4 4 2 4 3 2Fe O 4H SO FeSO Fe (SO ) 4H O      (10) 
 

The presence of low Fe
2+ 

level and high amount of 

Fe
3+ 

produced biogenically, yielding high uranium 

recovery. The relationship among uranium dissolution, 

ferrous and ferric ions, and redox potential in the 

solution suggests that uranium recovery is accompanied 

by indirect leaching mechanism which is in accordance 

with other research results [5,31,37,38]. 

 

Table 8 Optimum process and validation experiment results 

Response Target 
Correlation 

predicted/% 

Confirmation 

experiment/% 

Confidence level (95%)/% Control test 

(chemical leaching)/% Low High 

Uranium recovery Maximization 92.01 90.27±0.98 86.47 97.54 24.38 

 

 

Fig. 7 Uranium recovery vs time under optimal conditions, sub-optimal conditions, control test and variation of Fe3+ and Fe2+ 

concetraions vs time under optimal conditions (a), and variation of pH and ORP vs time under optimal conditions (b) 
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For the control test (cell free), as shown in Fig. 7(a), 

the maximum uranium recovery is 24.38%. It is clear 

that without bacteria in the medium, there is not any 

oxidizing agent, low recovery of uranium is related to 

acidic medium and ferric ion was produced during slight 

chemical oxidation by air. By comparing bioleaching and 

chemical leaching, the effect of ferric ion and bacterial 

oxidizing in uranium bioleaching would be considerable. 

The results of uranium bioleaching under optimum 

conditions confirm the statistical model (Eq. (6)) priority 

of parameters. The pH variation from Fig. 7(b) shows 

that with increasing time, the pH decreased from 2.93 to 

1.51. The pH decreasing progressively is due to sulfur 

oxidation by bacteria and precipitation of jarosite    

(Eq. (10)). A pH of 1−2.5 is considered suitable for the 

bioleaching; however, for rapid uranium extraction 

kinetics, a high Fe
3+

/Fe
2+

 ratio is necessary which 

determines the ORP of the leach liquor [22]. Active iron 

oxidizing bacteria, such as A. ferrooxidans, maintain 

high Fe
3+

/Fe
2+

 ratios due to continuous oxidation as part 

of their respiratory processes (Figs. 7(a) and (b)). 

At the middle or end of the process of bioleaching, 

the concentrations of Fe
3+

 and 2
4SO   reached at a 

certain level which facilitated the production of jarosite 

precipitation with cations like K
+
, Na

+
 , NH4

+ 
or H3O

+
 as 

follows [12,31]: 
 

3 2
4 23Fe 2SO 6H O M       

3 4 2 6MFe (SO ) (OH) 6H                 (11) 
 

where M= K
+
, Na

+
, NH4

+
 and H

+
. 

The XRD analysis of the bioleaching residue under 

optimum conditions (Fig. 8) proved the formation of 

K-jarosite. The jarosite precipitated on the mineral 

surface and decreased the effectiveness of reagent and 

mineral surface interaction and scavenge available 

oxygen. In other words, the precipitates inhibited metal 

oxidation by microorganisms. The passivation layer is 

 

 

Fig. 8 XRD pattern of uranium ore bioleaching residue under 

optimum conditions 

less reactive than uranium mineral and may inhibit the 

flow of electrons and oxidants to main minerals. 

By using optimization method, ferrous ion 

concentration decreased from 4 to 2.89 g/L, resulting the 

fact that jarosite precipitation decreased and uranium 

bioleaching kinetics increased in comparison with 

pervious study (uranium recovery was 63.85% (Fig. 7(a), 

sub-optimal conditions) [20]). Under the optimized 

conditions, the model established in this work was 

demonstrated very successful results, because of higher 

uranium recovery and lower process cost. 

 

3.4 Kinetic model of uranium bioleaching in column 

For deriving kinetic model from Eq. (5),  

according to changing [Fe
3+

] and [Fe
2+

] by bacterial 

activity (Fig. 7(a)), F(C) has to be solved by considering 

the variation of [Fe
3+

] and [Fe
2+

] in the solution during 

the reaction time from Fig. 7(a). According to Fig. 7(a) 

by increasing the time, [Fe
3+

] increased and [Fe
2+

] 

reached the minimum values. The presence of Fe
2+

 in the 

first 6 d based on Cases 1 and 2 (Section 2.8) showed 

that, F(C) is a function of [Fe
3+

] or [Fe
3+

]/[Fe
2+

]. By 

minimization of mean squared error (MSE), the kinetic 

model parameters K, φ and m were obtained to be  

0.067 d
−1

, 1.24 and 0.61, respectively. 

Figure 9 shows the fitted curves on the experimental 

data of the conversion X(U) vs time. Also, Fig. 9 shows 

that the model with [Fe
3+

]
0.61 

has better fitting than the 

model with (Fe
3+

/Fe
2+

)
0.5

, proving direct relation between 

uranium column bioleaching and [Fe
3+

]. 

 

 

Fig. 9 Experimental data under optimum conditions and kinetic 

model of uranium bioleaching in column with F(C)=[Fe3+]0.61 

and (Fe3+/Fe2+)0.5 

 

Based on the previous investigation, the kinetics 

equation of uranium bioleaching in column with R
2
=0.99 

can be written in the following form: 
 

3 0.61 4.17( ) 1 (1 0.016 [Fe ] )tX t t                  (12) 
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4 Conclusions 
 

The column bioleaching of uranium ore by 

indigenous strain of Acidithiobacillus ferrooxidans was 

carried out to investigate the optimum condition for 

enhancing uranium recovery. The four significant 

parameters (initial ferrous ion concentration, pH, 

aeration rate and inoculation percent) were selected for 

further optimization by applying Plackett−Burman 

design. Afterwards, these four factors were optimized via 

CCD as, [Fe
2+

]initial =2.89 g/L, aeration rate 420 mL/min, 

pH 1.45 and inoculation percent (v/v) 6%. The 

confirmation experiment approved the highest extraction 

of uranium under optimal conditions as 90.27%. ANOVA 

results showed that the most effective factor for uranium 

recovery was initial ferrous ion concentration and the 

less effective factor was inoculation percent. A couple of 

statistically significant interactions are derived between 

[Fe
2+

]initial  and inoculation percent as well as aeration 

rate and inoculation percent. The analysis of the uranium 

ore bioleaching residue under different conditions 

confirmed the formation of K-jarosite on the surface of 

minerals. By using optimal conditions uranium 

bioleaching recovery increased at column and jarosite 

precipitation was minimized. The kinetic model for 

uranium column bioleaching is expressed as ( )X t    
3 0 . 6 1 4 . 1 71 ( 1 0 . 0 1 6 [ F e ] ) ,tt    which is consistent with 

experimental results. 
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摘  要：采用嗜酸氧化亚铁硫杆菌提高轴矿的生物柱浸回收率，利用 Plackett−Burman 因子设计法研究七因素对

铀矿生物柱浸显著性的影响。选取[Fe2+]intial、pH 值、通气速率和接种率 4 个显著性参数进行优化试验，采用一种

中心复合设计法研究这些参数对铀矿生物浸出的影响。铀矿生物浸出率最大时((90.27±0.98)%)对应的优化参数如

下：[Fe2+]intial=2.89 g/L、通气速率 420 mL/min、pH 1.45、接种率 6%(体积分数)。[Fe2+]intial对铀矿生物浸出的影响

最大。由预测模型得到铀的最大回收率为 92.01%，此数据与实验所得结果吻合较好。最佳浸出条件下铀矿浸出渣

的分析结果表明，矿物表面形成了黄钾铁矾。最佳浸出条件下铀的生物柱浸率提高，黄钾铁矾沉淀量减少。动力

学模型预测结果表明，铀的回收率与 Fe2+浓度密切相关。 
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