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Abstract 
In this work, the alkaline roasting and sulfuric acid leaching processes were employed to 
extract vanadium from the magnetite ore of Saghand mine in central Iran. The response 
surface methodology based on the central composite design model was applied to 
optimize the parameters involved in the processes. The studied roasting parameters were 
temperature (900-1100 °C), sodium carbonate percentage (30-50 wt%), and time (1-3 h). 
In addition, the studied leaching factors included temperature (70-90 °C), liquid-to-solid 
ratio (L/S) (5-20 mL/g), sulfuric acid concentration (2-6 M), and time (3-6 h). Under the 
optimal conditions, the values for temperature, time, and sodium carbonate amounted to 
1010 °C, 2.1 h, and 41 wt%, respectively, for the roasting process, while the values for 
temperature, L/S, sulfuric acid concentration, and time for the leaching process were 
estimated to be 85 °C, 12.4 mL/g, 4.25 M, and 4.7 h, respectively. Under these 
conditions, about 83.8 ± 0.9% of vanadium was leached from the magnetite ore. 

1. Introduction 
Vanadium is a hard, ductile, and malleable 
transition metal, which is mainly used in 
specialty steel alloys such as high-speed tool 
steels. Vanadium pentoxide, the most famous 
compound of vanadium, has also found a 
great deal of applications as a catalyst for the 
production of sulfuric acid [1]. Vanadium is 
produced from steel smelter slag, minerals 
such as titanomagnetite and ilmenite, flue 
dust of heavy oil or as a by-product of 
uranium mining. The common grade of 
vanadium in processed ores is usually less 
than 2% [2, 3]. 
The average vanadium concentration in the 
earth crust is about 150 ppm [4]. However, 
pure vanadium is not found in nature [5]. 
Vanadium resources are available in 
combination with several minerals such as 
carnotite, roscoelite, france villite, 
montroseite, and magnetite [6, 7]. The 

relative scarcity of economically viable 
vanadium deposits along with the growing 
demand for this element has caused the price 
of vanadium to increase rapidly. Recently, 
the secondary sources of vanadium have 
attracted much attention as the most 
considered extraction resource [8]. 
A large share of vanadium is extracted from 
the vanadium-bearing slags or magnetite ores 

[1]. These vanadium-containing materials 
can be treated by a great deal of processes 
such as calcium reduction, roasting/leaching, 
solvent extraction, and ion exchange for 
extraction of vanadium either as a pure 
metal, ferrovanadium, or in the form of 
vanadium pentoxide and other inorganic 
vanadium compounds [2, 9]. Recovery of 
vanadium from secondary resources is 
carried out through the pyro-metallurgical 
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and hydro-metallurgical as well as the  
pyro-hydrometallurgical processes [10]. 
Among the various pyro-hydrometallurgical 
processes used or suggested for extraction of 
vanadium, the most widely applied one is 
alkaline roasting process with NaCl or 
Na2CO3 followed by water, acid or alkaline 
leaching. Acid leaching can dissolve  
water-insoluble roasted materials such as 
magnesium, calcium, and iron vanadate to 
extract vanadium [2, 11-15]. 
In titanomagnetite (i.e. one of the most 
promising vanadium ores), vanadium is 
available in the form of trivalent or 
tetravalent ions. Vanadium is produced from 
this ore through vanadium pentoxide under 
the oxidative roasting operation [16]. During 
the roasting process, several phase changes 
take place, the most important being 
magnetite conversion to hematite, which 
starts from 300 °C and ends at 1300 °C. As a 
result of this conversion, the vanadium 
spinels are formed. Studies have shown that 
magnetite grains are distributed after the 
separation of vanadium [17]. Some sodium 
salts such as sodium carbonate produce 
complex compositions during 
titanomagnetite roasting. The sodium 
vanadate complex is an important  
water-soluble complex of this kind. After 
oxidation of the ore, trivalent vanadium is 
converted to pentavalent vanadium, and then 
it reacts with sodium carbonate (reaction 1) 
to produce water-soluble sodium 
metavanadate [17, 18]. 

2 3 2 3 2 3 2Na CO V O O 2NaVO CO   
 

(1) 

Recovery of vanadium from steel refining 
slag is performed through “slag roasting-acid 
leaching” and solvent extraction [2]. Acid 
leaching results in decomposition of 
vanadium-containing compounds and causes 
further dissolution of vanadium (reaction 2). 
The “salt roasting-acid leaching” can bring 
about the highest extent of vanadium 
recovery for most types of  
vanadium-containing feeds. 

OHSOVOOVSOH 24225242 )(   (2) 

Different researchers have proposed various 
methods to recover vanadium. Li et al. [19] 
conducted an oxidation process for a  
low-grade vanadium slag in the presence of 

sodium carbonate to form water-soluble 
sodium vanadates, and dissolved the soluble 
salts in water (i.e. leaching). Zhu et al. [20] 

extracted vanadium by coal. In their process, 
the initial roasting was carried out at 950 °C, 
followed by leaching with sulfuric acid. They 
were able to extract about 76% of vanadium. 
He et al. [21] conducted the roasting process 
at 850 °C for 3 h, followed by alkaline 
leaching with sodium hydroxide, and final 
extraction of vanadium in the form of sodium 
vanadate; they reported a vanadium 
extraction efficiency of about 67%.  
Aarabi-Karasgani et al. [22] roasted the steel 
plant slag at a temperature of 1000 °C for 2 h 
using 20% sodium carbonate, followed by 
sulfuric acid leaching under the conditions of 

70 °C, 
1

15


S
L , MSOH 342  , and 150 

min. They finally obtained a vanadium 
recovery of 95%. 
Hydrometallurgical processes that seek for a 
notable improvement in efficiency are not 
feasible through the traditional (changing one 
variable at a time) optimization method. 
Rather, efficiency improvement is achieved 
by the design of experiment (DOE) 
methodology. Compared to genetic 
algorithms and neural network methods, 
which require a large number of experiments 
and consequently consume much energy and 
time, DOE provides more favorable results 
with a fewer number of experiments [23-26]. 
Among DOEs, the response surface 
methodology (RSM) is the best method for 
hydrometallurgical processes due to two 
major reasons: accuracy of the results and 
determination of the interactions between the 
effective parameters. To create a  
second-order model for the response variable 
in the RSM method, central composite 
design (CCD) can be used to collect data for 
fitting the second-order responses. In such a 
case, the need for complete three-level 
factorial experiments can be ignored using 
CCD for an optimization process [27-29]. 
There are great magnetite ore reservoirs in 
different regions of central Iran. Based on the 
latest estimates, there are approximately 1.5 
billion tons of magnetite ore. The  
vanadium-containing ores are impure and 
mixed with other minerals. The Saghand, 
Gaz, and Zarand mines are located in the 
iron-rich zones of Bafq. Saghand ore is 
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comprised of a noticeable amount of 
vanadium. According to the estimations, 
around 150 million tons of magnetite ore are 
deposited in this mine, which provide  
2500-3000 ppm vanadium. 
The main objective of this investigation was 
to optimize the alkaline roasting and sulfuric 
acid leaching processes of vanadium. The 
conditions of the two processes were 
optimized for a high vanadium extraction 
from magnetite ore (a new ore of Saghand 
mine in central Iran). Parameters such as 
temperature, amount of sodium carbonate, 
and time in the roasting process, and sulfuric 
acid concentration, temperature, liquid-to-
solid ratio (L/S), and time in the leaching 
process were optimized by means of the 
RSM method. The chemical and 
mineralogical characteristics of the new ore 
(Saghand mine) and the roasted ore one were 
analyzed by X-ray fluorescence spectroscopy 
(XRF) and diffraction (XRD). Furthermore, 
characterization of the leached residues was 
carried out by the scanning electron 
microscopy (SEM) and energy dispersive 
spectroscopy (EDS) analyses. 

2. Materials and methods 
2.1. Materials 
The sample used in this research work was 
collected from the Saghand mine in Yazd (Iran). 
After crushing, the sample was dried at 70 °C to 
reach a constant weight, and was subsequently 
ground. It was sieved, and the fraction of powder 
with a size below 0.1 mm was used for further 

studies. The mineralogical and chemical analyses 
of the sample were carried out using a diffraction 
analyzer (XRD, STOE STADI-MP, Germany) 
and XRF (Oxford Instruments, ED2000, UK). The 
results obtained are shown in Figure 1 and Table 
1. 
In addition, the results of the mineralogical studies 
of more thin and polished sections of the sample 
by a polarization optical microscope (Olympus, 
CX21, China) are presented in Figure 2. 
According to this figure, the sample contains 
opaque crystals (mainly magnetite) and  
talc-carbonate veinlets in the space between them. 
Sulfuric acid used in the leaching experiments 
was obtained from Merck, with a purity of 98%. 
Sodium carbonate salt used in the roasting 
experiments was 99% pure, supplied from Merck. 
 

Table 1. Results of XRF analysis of the main 
composition in the raw ore. 

Compound Wt% 
MgO 9.92 
SiO2 30.85 
SO3 6.62 
K2O 0.34 
NiO 0.09 

Sb2O3 0.02 
U 0.03 

CaO 0.75 
Fe2O3 40.64 
Al2O3 3.72 
TiO2 0.16 
P2O5 0.94 
V2O5 0.60 
LOI 5.32 

 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 10 20 30 40 50 60

In
te

ns
ity

 (c
ou

nt
s)

2θ (degree)

◇ Magnetite ✽ Antigorite  ▽ Talk + Chlorite   ○ Pyrite  

+

+

+
+

+

◇

◇

◇

◇

▽

▽

▽

▽

✽

✽ ○
○

 
Figure 1. XRD pattern of the raw ore. 

 



Ghoddocy Nejad et al./ Journal of Mining & Environment, Vol. 10, No. 1, 2019 

244 
 

 
Figure 2. Mineralogical studies of ore thin and polished sections of the sample (Op = magnetite, TlC = talc and 

Carb = carbonate). 
 

2.2. Methods 
2.2.1. Alkaline roasting 
Alkaline roasting was carried out to change the 
vanadium compound to a soluble form. The 
roasting stage was conducted by placing the 
sample mixed with certain sodium carbonate (salt) 
in a muffle furnace at a certain temperature and at 
a certain time. In this work, according to the 
results of the experiments, it was found that the 
optimal roasting conditions were 1000 °C, 2 h, 
and 40 wt% of sodium carbonate. Figure 3 shows 

the XRD pattern of the roasted ore under the 
optimal conditions. 
The range of parameters in the roasting 
process, which was obtained from the 
previous studies, is listed in Table 2 [2, 11, 
17, 18, 22]. RSM based on CCD was used to 
evaluate and optimize the effects of 
temperature, time, and salt content, as the 
independent variables, on the vanadium 
recovery. 
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Figure 3. XRD pattern of the roasted ore. 

 
Table 2. Parameter levels and values used in the roasting experimental design. 

 
 
 
 
 
2.2.2. Acid leaching 
The roasted sample was leached in sulfuric 
acid at a certain temperature, liquid-to-solid 
ratio (L/S), acid concentration, and time 
within the range obtained from the previous 
studies (Table 3) [2, 13, 19, 22, 30] in  

 
 
order to carry out the experimental design 
using the RSM program. 
The leaching experiments were performed at 
atmospheric pressure in a pyrex reactor equipped 
with a reflux condenser. The reactor had 3 necks: 
one for the condenser, one for the thermometer, 

High axial High factorial Center point Low factorial Low axial Parameter 
1100 1060 1000 940 900 Temperature (°C) 

3 2.6 2 1.4 1 Time (h) 
50 45 40 35 30 Salt content (wt%) 
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and the last neck served for the inlet/withdrawal 
of samples or pH measurements. The reaction 
mixture was agitated with a magnetic stirrer and 
heated on a hot plate indirectly through a water 
bath. For each leaching test, the sample and a 
solution with a pre-determined concentration were 
charged into the reactor, and the mixture was 
stirred at 300 rpm. After a specific leaching time, 
a Buchner funnel equipped with a glass filter was 
used for the filtration. After each experiment, the 
slurry was filtered and the concentration of 

vanadium ions was determined by inductively 
coupled plasma-optical emission spectrometry 
(ICP-OES). The measurements were performed 
using a Perkin Elmer Optima 2000 DV ICP-OES 
instrument according to ASTM C1109. The 
calibration range was between 1 and 1000 mg/L. 
The samples that had concentrations over the 
standard range were diluted to fall within the 
range. The operating conditions of the ICP-OES 
instrument are shown in Table 4. 

 
Table 3. Parameter levels and values used in the leaching experimental design. 

 
 
 
 
 
 
Table 4. ICP-OES operational parameters used for 

the analysis of vanadium. 
Parameter Setting 

Wavelength (λ) 292.399 nm 
RF power 1400 W 
Nebulizer Gemcone 

Plasma flow 15 L/min 
Auxiliary 0.6 L/min 

Nebulizer flow 0.8 L/min 
Sample flow 1.0 mL/min 

Injector 2.0 mm Alumina 
Spray chamber Scott double-pass 

 
2.2.3. Roasting experimental design 
An experimental design was used to develop 
an empirical model to obtain the optimum 
operating conditions for the roasting process. 
The optimization procedure was done based 
on CCD and RSM. RSM applies 
mathematical and statistical approaches to 
optimize a response that might be affected by 
several independent variables and reduces 
the costs of expensive analysis methods and 
their associated numerical noises. 
To explain the nature of RSM in the optimum 
region, a five-level central composite design 
(Table 2) was performed. In general, the central 
composite design requires a total of (2k + 2k + N0) 
runs, where k is the number of factors studied, 2k 
is the points of the factorial design, 2k is the  
face-centered points, and N0 is the number of 
experiments carried out at the center [31]. 
Duplication of the central points was used to 
determine the experimental error. In the current 
work, 8 factorial designs were used and 6 (N0 = 6) 
central replicates were also employed. As usual, 

the experiments were carried out in a random 
order to minimize the effect of systematic errors. 
For this purpose, 20 experiments were performed 
corresponding to the three variables of CCD 
(Table 5). The parameter levels and the response 
values (vanadium recovery) are given in Table 5. 
Each experiment was carried out three times, and 
the average results of the vanadium recovery 
evaluation and their corresponding standard 
deviation values were reported. As it can be seen 
in this table, the standard deviation values of the 
results were relatively low and in the range  
0.3-1.6%. 
The Design-Expert version 8.0.1 software 
(State-Ease Inc., Minneapolis, MN, USA) 
was used for the regression and graphical 
analysis of the data obtained. 

2.2.4. Leaching experimental design 
CCD and RSM were used to optimize the most 
effective factors and maximize the vanadium 
extraction. DOE was used to develop an empirical 
model to obtain the optimum operating conditions 
of the leaching process. In order to describe the 
nature of the response surface in the optimum 
region, a five-level central composite design 
(Table 3) was performed [32]. 
Duplication of the central points was used to 
determine the experimental error. In the 
current work, 16 factorial designs and 6 
central replicates (N0 = 6) were employed, 
respectively. As usual, the experiments were 
carried out in a random order to minimize the 
effect of systematic errors. A total of 30 
experiments corresponding to the four 

High axial High factorial Center point Low factorial Low axial Parameter 
6 5 4 3 2 Acid concentration (M) 
90 85 80 75 70 Temperature (°C) 
20 16.25 12.5 8.75 5 L/S (mL/g) 
6 5.25 4.5 3.75 3 Time (h) 
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variables of CCD were performed (Table 6). 
The parameter levels and the respective 
response values (vanadium recovery) are 
given in Table 6. Each experiment was 
conducted three times in the leaching 
process. The average results of the vanadium 

recovery evaluation and their corresponding 
standard deviation values were reported. 
According to Table 6, the standard deviation 
values of the results obtained were relatively 
low and in the range of 0.4-1.9%. 

 

Table 5. Roasting experimental design; observed response and predicted values. 
Predicted recovery of 

vanadium (%) 
Actual recovery of 

vanadium (%)a 
Salt content 

(wt%) 
Time 

(h) 
Temperature 

(°C) Block Run 
No. 

86.0 88.4 ± 0.4 40.0 2.0 1000.0 Center 1 
74.1 73.3 ± 0.5 45.0 1.5 1060.0 Fact 2 
78.0 79.6 ± 1.0 50.0 2.0 1000.0 Axial 3 
70.0 69.1 ± 0.9 35.0 1.5 940.0 Fact 4 
76.2 75.0 ± 1.1 35.0 2.5 1060.0 Fact 5 
75.0 77.6 ± 1.6 30.0 2.0 1000.0 Axial 6 
85.1 83.4 ± 0.7 40.0 2.0 1000.0 Center 7 
71.0 72.3 ± 0.8 40.0 2.0 900.0 Axial 8 
75.0 76.2 ± 0.9 40.0 3.0 1000.0 Axial 9 
76.0 77.1 ± 0.8 45.0 2.5 940.0 Fact 10 
86.0 85.2 ± 1.0 40.0 2.0 1000.0 Center 11 
73.1 70.6 ± 1.3 45.0 1.5 940.0 Fact 12 
73.0 75.2 ± 0.6 40.0 1.0 1000.0 Axial 13 
76.0 78.2 ± 0.8 40.0 2.0 1100.0 Axial 14 
85.0 81.6 ± 0.3 40.0 2.0 1000.0 Center 15 
86.0 88.1 ± 0.9 40.0 2.0 1000.0 Center 16 
71.0 69.4 ± 0.7 35.0 2.5 940.0 Fact 17 
75.0 72.7 ± 0.6 35.0 1.5 1060.0 Fact 18 
77.1 75.3 ±0.9 45.0 2.5 1060.0 Fact 19 
86.0 86.0 ± 0.8 40.0 2.0 1000.0 Center 20 

aMean ± standard deviation. 
 

Table 6. Leaching experimental design; observed response and predicted values. 
Predicted recovery of 

vanadium (%) 
Actual recovery of 

vanadium (%)a 
Time 

(h) 
L/S 

(mL/g) 
Temperature 

(°C) 
Acid 

concentration (M) Block Run 
No. 

75.0 77.3 ± 1.2 4.5 20.0 80.0 4.0 Axial 1 
79.0 78.2 ± 0.9 3.7 16.2 85.0 3.0 Fact 2 
80.1 82.4 ± 0.4 4.5 12.5 80.0 6.0 Axial 3 
85.0 86.1 ± 1.0 4.5 12.5 80.0 4.0 Center 4 
82.0 81.2 ± 0.5 5.2 8.7 85.0 5.0 Fact 5 
76.0 77.0 ± 1.3 4.5 5.0 80.0 4.0 Axial 6 
85.0 83.7 ± 0.6 4.5 12.5 80.0 4.0 Center 7 
78.0 77.2 ± 0.9 5.2 16.2 75.0 5.0 Fact 8 
73.1 72.8 ± 1.0 3.7 8.7 75.0 3.0 Fact 9 
72.0 72.0 ± 1.4 3.7 16.2 75.0 3.0 Fact 10 
79.0 78.2 ± 0.5 3.7 8.7 85.0 3.0 Fact 11 
77.0 77.2 ± 1.5 3.7 8.7 75.0 5.0 Fact 12 
80.0 79.1 ± 1.9 5.2 16.2 85.0 3.0 Fact 13 
81.0 79.5 ± 1.2 3.7 16.2 85.0 5.0 Fact 14 
80.1 80.0 ± 1.1 5.2 8.7 85.0 3.0 Fact 15 
74.0 74.0 ± 0.9 4.5 12.5 70.0 4.0 Axial 16 
74.0 74.0 ± 0.8 5.2 8.7 75.0 3.0 Fact 17 
81.0 80.0 ± 0.8 3.7 8.7 85.0 5.0 Fact 18 
73.0 74.2 ± 0.6 4.5 12.5 80.0 2.0 Axial 19 
76.0 75.0 ± 0.6 3.7 16.2 75.0 5.0 Fact 20 
85.0 86.0 ± 0.5 4.5 12.5 80.0 4.0 Center 21 
78.0 78.3 ± 0.5 5.2 8.75 75.0 5.0 Fact 22 
82.0 81.0 ± 0.9 5.2 16.2 85.0 5.0 Fact 23 
85.0 85.0 ± 0.9 4.5 12.5 80.0 4.0 Center 24 
85.0 84.1 ± 0.5 4.5 12.5 80.0 4.0 Center 25 
73.0 73.0 ± 0.8 5.2 16.2 75.0 3.0 Fact 26 
85.0 87.4 ± 0.4 4.5 12.5 90.0 4.0 Axial 27 
82.0 83.0 ± 0.6 6.0 12.5 80.0 4.0 Axial 28 
79.0 80.3 ± 1.1 3.0 12.5 80.0 4.0 Axial 29 
85.0 84.0 ± 0.8 4.5 12.5 80.0 4.0 Center 30 

aMean ± standard deviation. 
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3. Results and discussion 
3.1. Magnetite ore characterization 
The XRD pattern of the magnetite ore and 
the major minerals that were present in the 
sample are shown in Figure 1. The XRD 
results revealed that the major phases in the 
sample were magnetite (Fe3O4) 67(wt%), talc 
(Mg3(Si4O10)(OH)2) 13(wt%), serpentine 
(antigorite) (Mg6(Si4O10)(OH)8) 10(wt%), 
pyrite (FeS2) 6(wt%), and chlorite 
(Mg,Fe)4.75Al1.25(Al1.25Si2.75O10)(OH)8) 
4(wt%). Also according to the mineralogical 
studies of thin and more polished sections 
(Figure 2), opaque (magnetite), carbonate, 
talc, iron oxides and hydroxide minerals 
were observed in the sample. 
Table 1 presents the results of a chemical analysis 
of the sample with respect to the XRF results. As 
it can be seen, the sample contained 0.63% V2O5, 
which was equivalent to 0.35% vanadium. Also 
the magnetite ore contained alkaline metal oxides, 
specifically a large amount of iron oxide, which 
resulted in the strong magnetite property of the 
sample. 
The XRD analysis obtained after the roasting 
process is presented in Figure 3. The XRD results 
revealed that the major phases in the roasted ore 
were magnetite (Fe3O4), cristobalite (SiO2), 
maghemite (Fe2O3), magnesium aluminum iron 
oxide (MgAl2Fe1.8O4), metavanadate sodium 
(NaVO3), and sodium magnesium aluminum 
silicate (Na1.74Mg0.79Al0.15Si1.06O4) dispersed in a 
low-intensity pattern. Comparing Figs. 1 and 3 
shows that after roasting, a more water-soluble 
vanadium (NaVO3) is obtained [2]. 

3.2. Optimization of roasting parameters 

Ranges and levels of the variables in coded units 
summarized in Tables 2 and 5 show the actual 
values for three independent variables together 
with the responses. 

3.2.1 Model fitting and analysis of variance 
(ANOVA) 
Table 7 reports the results of the ANOVA test 
performed using the DX8 program for the roasting 
process. This statistical tool was used to examine 
the significance and adequacy of the model. This 
table presents that the correlation coefficient for 
the model is 0.94, which indicates the goodness of 
fit. Table 7 also reports that the calculated F-value 
corresponding to the vanadium recovery response 
model is 5.95 and exceeds the value at the 5% 
level, indicating that the treatment differences are 
highly significant. The probability P-value is 
relatively low, indicating the significance of the 
model. 
In order to estimate the model coefficients and the 
response for the quadratic polynomial, multiple 
regression analysis of the experimental data was 
employed and the following equation was 
obtained: 

2 2 2

Recovery (%) 85.46  1.53 A  0.88 B  
0.98C 0.25AB  1.00AC + 0.75BC
4.21A  4.12B  3.06C

   
  

 
 

(3) 

where A, B, and C are the coded values of the test 
variables, temperature (A) in °C, time (B) in h, 
and salt content (C) in wt%. In this regard, the 
perturbation diagram reveals that temperature and 
time are the most and least effective parameters, 
respectively. 

 
Table 7. Results of ANOVA for the roasting process. 

 
 
 

Adeq. 
precision R-squared Adj R-squared P-value prob > F F-value Mean 

square DF Sum of 
squares Source 

16.45 0.94 0.84 0.0050 5.95 66.96 9 602.65 Model 
   0.0122 2.85 32.08 1 32.08 A: Temperature 
   0.0356 0.94 10.54 1 10.54 B: Time 
   0.0306 1.16 13.08 1 13.08 C: Salt content 
   0.0084 0.044 0.50 1 0.5 AB 
   0.0419 0.71 8.00 1 8.00 AC 
   0.0541 0.40 4.50 1 4.50 BC 
   0.0008 22.73 255.73 1 255.73 A2 

   0.0009 21.79 245.11 1 245.11 B2 

   0.0060 12.02 135.25 1 135.25 C2 

     11.25 10 112.48 Residual 
   0.3384 1.48 13.43 5 67.15 Lack-of-fit 
     9.07 5 45.33 Pure error 
      19 715.14 Total 
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3.2.2. Response surface plotting 
In order to study the model more thoroughly, the 
results obtained are presented graphically in Figs. 
4 and 5. Interaction terms with small P-value (less 
than 0.05) and the largest absolute coefficients in 
the fitted model (AB (temperature × time) and AC 
(temperature × salt content)) were selected for the 
axes of the response surface plots to account for 
the curvature of the surfaces. The interaction 
implies that the effect produced via changing one 
variable depends on the level of the other 
variables. In vanadium recovery, temperature (A), 
and salt content (C) are significant variables 
affecting the vanadium yield response. The 
interactions between the parameters are shown in 
Figure 4. 
Figure 4a shows the interaction between time and 
temperature. As shown in this figure, at certain 
times, with the temperature rising up to 1000 °C, 
the vanadium yield increases and decreases, 
probably due to the sample sintering at above 
1000 °C. Also it can be seen that at a higher 
period (2.6 h), the efficiency of vanadium is more 
than that at a lower period (1.4 h). In this case, the 
salt content for roasting is 40 (wt%). With regard 
to this figure, temperature plays an important role 
in the roasting process. By increasing the 
temperature to a certain amount, the sodium 
methavanadate compound is further produced so 
that vanadium can be easily extracted from the 
roasted ore. 
Figure 4b shows the interaction between the salt 
content and temperature. Based on this figure, at a 
higher salt content (46 wt%), the efficiency of 
vanadium extraction is higher than that at a lower 
salt content (34 wt%), and with raising the 
temperature up to 1000 °C, the vanadium 
extraction is improved, and decreases slightly 

thereafter. As seen at a higher temperature (~1100 
°C), the same recovery of vanadium is obtained 
for two salt contents (34 and 46 wt%). In this 
case, the roasting time is 2 h. Thus after the 
temperature, the amount of salt consumed has an 
important effect on the vanadium extraction 
efficiency. Moreover, according to Figure 4, at 
very high temperatures, differences in the 
amounts of salt consumed have no significant 
effect on the efficiency of vanadium extraction. 
Figure 5 shows the second-order iso-response 
contours for the vanadium recovery percentage 
varying as a function of the temperature and the 
salt content, where the time was set to 2 h. There 
is a nearly linear relationship between vanadium 
recovery and salt content at low temperatures. 
However, at a higher temperature, the relationship 
becomes a non-linear one. As presented in this 
figure, the highest vanadium recovery corresponds 
to a high temperature of 1000 °C and salt content 
of 40 wt%. As illustrated in this figure, at low 
temperatures (less than 950 °C), low salt contents 
(below 35 wt%), very high temperatures (> 1050 
°C), and very high salt contents (> 45 wt%), the 
vanadium extraction efficiency decreases. This 
figure also shows the effects of two important 
parameters of temperature and amount of salt 
consumed simultaneously on the vanadium 
extraction efficiency from roasted ore. By 
increasing the temperature and amount of salt to a 
certain amount, vanadium will be extracted with a 
maximum efficiency. 
Figure 6 shows the 3D effects of temperature and 
amount of salt on the extraction efficiency of 
vanadium. As shown in this figure, the maximum 
vanadium extraction efficiency occurs at a 
temperature of 1000 °C and the salt amount of 40 
wt%, while the roasting time is 2 h. 
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Figure 4. (a) Interaction between temperature and time and (b) interaction between temperature and salt 

content. 
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Figure 5. Contour plot of vanadium recovery vs. temperature and salt content. 
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Figure 6. A 3D plot of vanadium recovery based on function of temperature and salt content. 

 
3.2.3. Process optimization using desirability 
functions 
A multiple response method was applied to 
optimize any combination of three parameters, 
namely temperature, salt content, and time. 
According to the desirability ramp generated from 
20 local optimum points, the best local maximum 
(vanadium recovery of 85.7%) was found to be 
attributed to the temperature of 1009 °C, salt 
content of 40.88 wt%, and time of 2.07 h. In order 
to test the validity of the optimized condition 
specified by the model, an experiment was carried 
out using the suggested parameters. The vanadium 
recovery after the leaching period was determined 
to be 83.4%, which is consistent with the 
prediction of the model with an error margin of 
2.7% (< 5%). The leaching conditions used in the 
confirmatory experiment were as follow: 
temperature of 90 °C, acid concentration of 4 M, 
L/S ratio of 10 mL/g, and leaching time of 4 h. 
 
3.3. Optimization of leaching parameters 

The ranges and levels of the variables in coded 
units summarized in Tables 3 and 6 show the 
actual values for the four independent variables 
together with their responses. 

3.3.1. Model fitting and ANOVA 
Table 8 presents the results of the ANOVA test 
performed using the DX8 program for the 
leaching process. This statistical tool was used to 
examine the significance and adequacy of the 
model. It can be seen in this table that the 
correlation coefficient for the model is 0.918, 
which indicates the goodness of fit. Table 8 also 
reports that the calculated F-value corresponding 
to the vanadium recovery response model is 12.00 
and exceeds the value at the 5% level, implying 
that the treatment differences are highly 
significant. Also the P-value is relatively low, 
indicating the significance of the model. By 
implementing the multiple regression analysis of 
the experimental data, the experimental results for 
CCD were fitted with a quadratic polynomial 
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equation. The final equation in terms of coded 
factors was developed based on the experimental 
design as: 

2 2 2 2

Recovery (%) 84.67  1.54 A  2.71B
0.29C 0.71D 0.56AB  0.062AC+
0.063AD+0.19BC+ 0.063BD 0.063CD
2.03A  1.28B  2.28C 1.16D

   
  

 

  

 (4) 

where A, B, C, and D are the coded values of the 
test variables, acid concentration (A) in M, 
temperature (B) in °C, L/S (C) in mL/g, and time 
(D) in h. The perturbation diagram and the above 

equation revealed that temperature was the most 
effective parameter, while the liquid-to-solid ratio 
(L/S) was the least effective influencing 
parameter. Figure 7 presents the actual values 
versus the predicted ones for vanadium recovery. 
As shown in in this figure, the assembly of the 
points around the diagonal line illustrates that the 
experimental results are in good agreement with 
the predicted values, and, therefore, the deviations 
between the predicted values and the actual values 
are very small. 

 
Table 8. ANOVA results for the leaching process. 

Adeq. precision R-squared Adj R-squared P-value F-value Mean square DF Sum of squares Source 
12.57 0.918 0.842 <0.0001 12.00 35.79 14 501.12 Model 

   0.0005 19.12 57.04 1 57.04 A: H2SO4 
   <0.0001 59.01 176.04 1 176.04 B: Temperature 
   0.0421 0.68 2.04 1 2.04 C: L/S 
   0.0462 4.04 12.04 1 12.04 D: Time 
   0.0212 1.70 5.06 1 5.06 AB 
   0.0089 0.021 0.063 1 0.063 AC 
   0.0089 0.021 0.063 1 0.063 AD 
   0.0067 0.19 0.56 1 0.56 BC 
   0.0089 0.021 0.063 1 0.063 BD 
   0.0089 0.021 0.063 1 0.063 CD 
   <0.0001 37.93 113.17 1 113.17 A2 
   0.0015 15.09 45.03 1 45.03 B2 
   <0.0001 47.85 142.74 1 142.74 C2 
   0.0032 12.29 36.67 1 36.67 D2 
     2.98 15 44.75 Residual 
   0.1565 2.55 3.74 10 37.42 Lack-of-fit 
     1.47 5 7.33 Pure error 
      29 545.87 Total 
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Figure 7. Comparison of the actual and predicted values for vanadium recovery. 

 
3.3.2. Response surface plotting 
For a better understanding of the independent 
parameters and their influence on the recovery of 
vanadium, the predicted results are presented 
graphically in Figures 8 and 9. Interaction terms 
with P-value < 0.05 and largest absolute 

coefficients in the fitted model (AB (acid 
concentration × temperature), AC (acid 
concentration × L/S), and BC (temperature × 
L/S)) were selected for the axes of the response 
surface plots to account for the curvature of the 
surfaces. In the recovery of vanadium, A (acid 
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concentration), B (temperature), C (L/S), and D 
(time) are significant variables affecting the 
response. The interactions between the parameters 
are presented in Figure 8. 
Figure 8a shows the interaction between the acid 
concentration and temperature. As shown in this 
figure, the vanadium extraction efficiency at a 
higher temperature exceeds the one at a lower 
temperature in all acid concentrations. At a 
constant temperature, by increasing the 
concentration of acid until 4.25 M, the vanadium 
efficiency will increase and can even decrease 
thereafter probably due to the higher 
concentration of H2SO4, leading to more 
aluminosilicate reacting with H2SO4 to produce a 
silica gel, which can adsorb the positive cations of 
vanadium such as VO+2 and VO2

+. 
Figure 8b shows the interaction between the acid 
concentration and L/S. Based on this figure, the 
vanadium extraction efficiency in all acid 
concentrations at a lower liquid-to-solid ratio  
(L/S = 8.75) is more than that of a higher  

liquid-to-solid ratio (L/S = 16.25). Moreover, their 
efficiency difference is not too much in different 
acid concentrations. For a constant L/S, with an 
increase in acid concentration up to a certain value 
(4.25 M), the vanadium extraction efficiency 
increases and reduces thereafter. 
Figure 8c shows the interaction between L/S and 
temperature. As seen at low temperatures, the less 
the liquid-to-solid ratio (L/S = 8.75), the more is 
the extraction efficiency of vanadium. At high 
temperatures, these two efficiencies (with 
different L/S) are close together. 
Figure 9 shows the 3D effects of temperature, acid 
concentration, and L/S on the extraction 
efficiency of vanadium. As presented in Figure 
9a, with an increase in temperature and reducing 
L/S until 12.5, the vanadium extraction efficiency 
increases. Also based on Figure 9b, as acid 
concentrations increase until 4.25 M, L/S reduces 
until 12.5 along with an increase in the vanadium 
extraction efficiency. 
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Figure 8. (a) Interaction between acid concentration and temperature, (b) Interaction between acid 

concentration and L/S, and (C) Interaction between temperature and L/S. 
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Figure 9. A 3D plot of vanadium recovery based on function of (a) temperature and L/S (b) acid concentration 

and L/S. 
 
3.3.3. Process optimization using desirability 
functions 
A multiple response method was used to optimize 
any combination of four parameters, namely acid 
concentration, temperature, L/S, and time. 
According to the desirability ramp generated from 
30 local optimum points, the best local maximum 
was found to be at the acid concentration of 4.25 
M, the temperature of 85 °C, a liquid-to-solid ratio 
of 12.4 mL/g, and time of 4.7 h, which resulted in 
a vanadium recovery of 86.34%. In order to test 
the validity of the optimized conditions specified 
by the model, an experiment was carried out using 
the suggested parameters. The vanadium recovery 

after the leaching period was determined to be 
83.8%, which is consistent with the prediction of 
the model with an error margin of 2.9% (< 5%). 
The conditions of the roasting process used in the 
confirmatory experiment were as follow: 
temperature of 1000 °C, the salt content of 40 
wt%, and time of 2 h. 
The comparisons between the vanadium 
recoveries obtained from the present work and 
those reported in the literature are presented in 
Table 9. It can be seen that under the optimal 
conditions, recovery of vanadium from magnetite 
ore of Saghand mine is reasonably improved. 

 
Table 9. Comparison of vanadium recovery obtained from various resources. 

Resources Vanadium 
(wt%) Methods Conditions Recovery 

(%) References 

Ore 0.52 Roasting-acid 
leaching 

Roasting: 950 °C, 1 h; leaching: 
sulfuric acid (0.45%), 30 °C 

More than 
76% [20] 

Ore 1.06 
Roasting-
alkaline 
leaching 

Roasting: 850 °C, 3h; leaching: 
NaOH (2 M), 90 °C 

More than 
67% [21] 

Slag 1.09 Roasting-acid 
leaching 

Roasting: 1000 °C, 2 h; 
leaching: sulfuric acid (2 M), 70 

°C 

More than 
96% [33] 

Ore 0.4 Roasting-acid 
leaching 

Roasting: 900 °C, 2 h; leaching: 
sulfuric acid (4 M), 90 °C 

More than 
70% [17] 

Slag 1.15 Roasting-acid 
leaching 

Roasting: 1000 °C, 2 h; 
leaching: sulfuric acid (3 M), 70 

°C 

More than 
95% [22] 

Slag 4.46 Roasting-acid 
leaching 

Roasting: 850 °C, 2 h; leaching: 
sulfuric acid (15% vol.), 90 °C 

More than 
93% [34] 

Ore (Saghand-e-
Yazed mine) 0.35 Roasting-acid 

leaching 

Roasting: 1000 °C, 2 h; 
leaching: sulfuric acid (4.25 M), 

85 °C 

More than 
83% This work 
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3.3.4. Characterization of leach residue 
To understand the mechanism of the vanadium 
leaching process, the leach residues were analyzed 
through SEM and EDS under the optimum 
conditions. Figures 10a and 10b show the 
SEM/EDS results for a residue sample. These 
regions are mainly composed of iron, oxygen, 
sulfur, and silica, while only very low amounts of 

vanadium are present. Accordingly, the magnetite 
and maghemite were decomposed by alkaline 
roasting and sulfuric acid leaching, leading to the 
vanadium release from the ore. Therefore, to 
improve the vanadium recovery, the 
decomposition of the vanadium-iron spinel is 
required. These results are consistent with the 
XRF results. 

 
(a)

 
(b) Element Weight (%) Atomic (%) 

O 50.93 68.89 
Si 23.57 18.16 
S 10.65 7.17 
V 0.07 0.09 
Fe 14.78 5.69 

Totals 100 100 

E (keV)
0 1 2 3 4 5 6 7 8 9 10

 
Figure 10. SEM-BSE image (a) and EDS (b) of the leach residue. 

 
4. Conclusions 
Based on the results obtained from the current 
research work, the following conclusions were 
drawn: 

1. The sample contained 0.35% vanadium. The 
magnetite ore sample was alkaline-roasted to 
increase the solubility of the vanadium compound. 

2. From the XRD results, the alkaline-roasting 
process converted part of the sample to sodium 
vanadate (NaVO3), which was more soluble in 
acid leaching. 

3. To optimize the values for temperature, 
sodium carbonate content, and time in the 
roasting process, the CCD response surface 
methodology was used. The most effective 

and the least effective parameters were found 
to be temperature and time, respectively. 

4. Optimizing the leaching parameters through 
the above-mentioned method revealed that the 
most and least effective parameters were 
temperature and L/S, respectively. 

5. The optimum temperature, sodium 
carbonate content, and time in the roasting process 
based on RSM were 1010 °C, 41 wt%, and 2.1 h, 
respectively. 

6. Based on RSM, the best local maximum for 
the leaching process was found to be a 
temperature of 85 °C, a sulfuric acid concentration 
of 4.25 M, an L/S ratio of 12.4 mL/g, and a time 
of 4 h. According to the prediction of the model, 
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86.34% of vanadium could be extracted from the 
ore. 

7. Under the optimum conditions, more than 
83% of vanadium was leached from the magnetite 
ore. 
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 سازي بهینهتشویه و فروشویی اسیدي:  فرآیندهاياستخراج وانادیوم از کانسنگ مگنتیتی با استفاده از 
 ح پاسخش سطارامترهاي فرآیندي به وسیله روپ

  

  2و علیرضا خانچی *1زادهمجید تقی ،1نژادداود قدوسی

  ایرانبابل،  نوشیروانی ي مهندسی شیمی، دانشگاه صنعتیدانشکده - 1
  ایران، اي، سازمان انرژي اتمی اي، پژوهشگاه علوم و فنون هستهسوخت هستهمواد و ي پژوهشکده - 2

  10/11/2018، پذیرش 15/10/2018ارسال 

  taghizadeh@nit.ac.irده مسئول مکاتبات: * نویسن

  

  چکیده:

زي اسـتفاده شـده   در این پژوهش، فرآیندهاي تشویه قلیایی و فروشویی اسید سولفوریکی براي استخراج وانادیوم از کانسنگ مگنتیتی معدن ساغند در ایران مرک
مترهاي فرآیندي به کار رفته است. پارامترهاي تشویه تحقیق شده شامل درجه سازي پارا روش سطح پاسخ بر اساس مدل طراحی ترکیبی مرکزي براي بهینهاست. 

ساعت) بوده است. به عالوه فاکتورهاي فروشویی مورد مطالعه شـامل   1-3درصد وزنی) و زمان ( 30-50گراد)، کربنات سدیم ( درجه سانتی 900-1100حرارت (
ساعت) بوده است. تحت  3-6زمان (موالر) و  2-6لیتر)، غلظت اسید سولفوریک ( گرم/میلی 5-20)، نسبت مایع به جامد (گراد درجه سانتی 70-90درجه حرارت (

درصد وزنی بوده، در حالی  41ساعت و  1/2گراد،  درجه سانتی 1010شرایط بهینه، مقادیر درجه حرارت، زمان و کربنات سدیم در فرآیند تشویه به ترتیب شامل 
موالر و  25/4لیتر،  گرم/میلی 4/12گراد،  درجه سانتی 85درجه حرارت، نسبت مایع به جامد، غلظت اسید سولفوریک و زمان در فرآیند فروشویی شامل  که مقادیر

 درصد وانادیوم از کانسنگ مگنتیتی استخراج شده است. 8/83 ±87/0ساعت تعیین شده است. تحت این شرایط بهینه،  7/4

  سازي. وشویی اسیدي، بهینهنگ مگنتیتی، وانادیوم، تشویه قلیایی، فرکانس کلمات کلیدي:

  

 

 

 


