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Abstract 
This study aimed to evaluate the chromite recovery from shaking table tail-
ings of Forumad plant by a dry high-intensity magnetic separation. The av-
erage feed grade of chromium trioxide (Cr2O3) was 7.62% by XRF. Also, dif-
ferent mineral phases were determined by XRD, identifying the presence of 
Chrysotile, Augite, Albite, Chlorite and Chromite. Although the Forumad 
plant usually applies gravity methods utilizing the specific gravity difference 
between chromite and other gangue minerals, this study applied magnetic 
separation utilizing the paramagnetic nature of chromite crystals to recover 
chromite from tailings. 27 tests for 3 factors in 3 levels designed by the Tagu-
chi method with design expert 12 software to determine the optimum condi-
tions for the grade and recovery. Finally, the best condition was identified at 
10,000 gauss (or 1 tesla) in the magnetic field intensity, 1 kg/min feeding rate, 
and 40 rpm drum rotating speed which produced a concentrate with 34.65% 
Cr2O3 and 59.42% recovery. 
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1. Introduction 

Chromite is the major commercial source of chromium metal; this mineral is a 
part of the spinel group and usually occurs in ultrabasic rocks. It is a strategic 
mineral due to its high demand in the ferrochrome production industry and 
consequently stainless steel and other metallurgical alloys production [1]. There 
are various methods for exploring minerals and potential areas, including re-
mote sensing and satellite image analysis [2] [3], also data processing by geosta-
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tistical methods [4] [5] [6] geochemical behavior study of elements [7] [8] and 
integration of intelligent analitycal methods [9] [10] [11]. The need for mineral 
processing of raw materials is increasing day by day and many studies have been 
done for the development of optimal processing technology [12]. Formerly, 
there is a high demand for chromite in refractory bricks making and also in 
chemical industries to manufacture sodium and potassium dichromate [13]. Its 
formula is FeCr2O4 or in a more scientific way, it consists of FeOCr2O3, with a 
theoretical composition of 68% Cr2O3, and 32% FeO. This mineral, like other 
minerals, is rarely found in theoretical formula state and has different inclusions 
and elements which substitute with main elements such as iron which mainly 
replaced by magnesium, and chromium by aluminum and ferric iron, in other 
words, natural chromite will have this formula (Fe, Mg)O(Cr, Al, Fe)2O3 [14]. 
According to the presence of FeO or Fe2O3 in the formula of this mineral, chro-
mite is a paramagnetic mineral that makes it feasible to beneficiate this ore with 
the magnetic separation method [15]. Specific gravity of chromite varies from 4 
to 4.8, depends on grade and inclusions, which makes the gravity separation 
method the best available technology to enrich chromite and separate it from 
other gangue minerals such as talc, chlorite, serpentine, olivine, pyroxene, am-
phibole, albite, chrysotile and augite [16]. The gravity separation method is the 
oldest separation method which can be applied by different types of equipment, 
including jigging, shaking table, multi gravity separator, Humphrey spiral, and 
also numerous obsolete devices in the history [17]. Batty et al. in 1947 produced 
a concentrate with 43.5% Cr2O3 grade at a recovery of 77% [18], from Fairview 
chromite deposit with an average composition of 18.1% Cr2O3, by jigging which 
is the most popular method for coarse or lump chromite ores, A. A. Seifelnasr in 
2012 successfully used a shaking table to produce a concentrate from Chickay 
mine, east of Sudan, with 47.2% Cr2O3 grade, and 75% recovery from an ore with 
average Cr2O3 composition of 30% - 35% [19], Gence in 1999 produced a con-
centrate with multi gravity separator or MGS, with 52.1% Cr2O3 at a recovery of 
69.6% from Elazig-Kefdag chromite ore in Turkey with an average composition 
of 38.33% Cr2O3 [20]. Tevfik in 2007 produced a concentrate by Humphrey spir-
al with 54.6% Cr2O3 and 94.9% recovery from Topraktepe chromite ore with an 
average composition of 47.68% Cr2O3 [21]. On the other hand, the magnetic se-
paration method which is used for separating magnetic from non-magnetic 
minerals according to their magnetic susceptibility, is applicable for the chro-
mite beneficiation method [17] [22]. 

According to the former research works, the recovery of chromite tailings was 
not studied due to access to high-grade raw materials. But nowadays, with the 
decreasing amount of economic reserves, secondary mining methods are flou-
rishing gradually, recycling, tailing mining, deep-sea mining, cosmos mining, 
landfill mining, and other technics are alternatives for usual mining to reach an 
economic concentrate [23], which among them extracting and recovering metals 
from mine tailings is more feasible and accessible for mining companies and so-
cieties, due to ease of access and the lowest amount of operating costs. Here in 
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this study, recovery of chromite from tailings of shaking table unit of the 
Forumad plant by magnetic methods has been studied to produce a final con-
centrate to use directly or indirectly in metallurgical final applications. This me-
thod had chosen due to ease of operation, low cost, not the use of further rea-
gents, and the minimum amount of environmental impacts. 

2. Location  

Iran is known as an oil land, but there are a variety of minerals in this country 
[24], chromite is one of them, which can be found almost everywhere in Iran, 
important known chromite districts of Iran are situated in Sabzevar and Torbate 
Jam districts in Khorasan Razavi, the northeastern part of Iran, Faryab and Es-
fandaghe districts in Hormozgan south of Iran, Other occurrences are known 
Makran districts in Sistan and Balouchestan eastern and southeastern of Iran, 
Neyriz districts in Fars and Naein in Isfahan, the central part of Iran and Khoy 
district in West Azerbaijan in the northwestern region of Iran [25] [26]. Most of 
the deposits are alpine type chromite, which is distributed in several places like 
schlieren bands, massive lenses, and dissemination in serpentinized ultrabasic 
rocks [27]. Forumad mine and processing plant is located in Sabzevar district 
and has an alpine type deposit, with similar minerals and rock compositions 
(Figure 1). 

3. Material and Method 

300 kg of fresh tailing sample obtained from Forumad Plant, was used in the 
magnetic separation studies, an average grade of Cr2O3 determined 7.62% in the 
tailing depot of shaking table operation by XRF, also different mineral phases 
had been determined by XRD, which were chrysotile, Augite, Albite, Chlorite, 
and Chromite. Chemical analysis of a representative sample is summarized in 
Table 1. 

After collecting the sample, it has been classified into two fractions 0 - 0.5 mm 
and 0.5 - 2 mm by a wet screen, which chemical analysis of each fraction showed 
in Table 2. 58.49% weight percentage of the sample was in 0.5 - 2 mm fraction 
and 41.51% weight percentage of was in 0 - 0.5 mm fraction which wasn’t used  
 

 
(a)                                       (b) 

Figure 1. (a) Location map of Forumad mine; (b) A view of Forumad open pit.  
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Table 1. The chemical composition of representative sample. 

 Cr2O3 MgO FeO Fe2O3 SiO2 Al2O3 S P L.O.I 

Percentage (%) 7.62 30.90 2.52 4.62 31.04 2.78 0.1 0.009 22.94 

 
Table 2. The chemical composition of fractions. 

Size Fraction 
Cr2O3 
(%) 

MgO 
(%) 

FeO (%) 
Fe2O3 
(%) 

SiO2 (%) 
Al2O3 
(%) 

S (%) P (%) 
L.O.I 
(%) 

0.5 - 2 mm 7.51 33.21 2.47 4.87 35.51 2.73 0.1 0.009 13.59 

0 - 0.5 mm 7.77 27.24 2.63 4.29 24.41 4.73 0.1 0.008 28.82 

 
for magnetic tests due to slime behavior of this size fraction. This characteristic 
has been determined by 3 characterization magnetic tests before designing the 
tests. 

Three different magnetic separators which been used in this study are made 
by Papco Magnet Company. A usual low-intensity magnetic separator with 2000 
gauss or 0.2-tesla magnetic field, a high-intensity magnetic separator with 7000 
gauss or 0.7-tesla magnetic field, and another high-intensity magnetic separator 
with 10,000 gauss or 1-tesla magnetic field, all these three magnetic separators 
used permanent magnets in their structure. 

27 tests for 3 factors in 3 levels designed by the Taguchi method with design 
expert 12 software to measure optimum conditions of grade and recovery. Mag-
netic field intensity, feeding rate, and drum rotating speed were selected as main 
factors that can determine the performance of magnetic separation [28]. 

4. Results and Discussion  

The results of these 27 tests have been shown in Table 3. Test number 15, gave 
the best result in grade which shows, increase in magnetic field intensity besides 
decreasing drum speed and feed rate can increase the grade, and make a 
semi-concentrate from a tailing. Based on these observations, low-intensity mag-
netic separation cannot help for the beneficiation of chromite as expected. On 
the other hand, for better industrial results, increasing field magnetic intensity is 
essential. In fact, magnetic intensity less than 10,000 gauss or 1 tesla is imprac-
tical in the beneficiation of chromite.  

After measuring The Cr2O3 content of concentrate, tailings, and the feed by 
XRF, operation recovery was calculated by the following equation:  

100CcR
Ff

= ×                              (1) 

4.1. Operational Effects 

To have a higher quality understanding of data in Table 3, Figures 2-5 are 
demonstrated the effects of each parameter on grade and recovery. Based on 
Figure 2, increasing the intensity of the magnetic field can increase the grade of  
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Table 3. Results of tests. 

Test Run No. 
Magnetic Field 

(T) 
Drum Speed 

(rpm) 
Feed Rate  
(Kg/min) 

Recovery Rate  
(%) 

Grade (%) 

1 1 80 2 76.19 19.28 

2 0.7 60 2 71.48 11.28 

3 0.2 80 1 6.36 4.62 

4 0.7 40 1 55.56 15.89 

5 1 60 2 74.58 22.49 

6 0.7 40 2 61.24 12.54 

7 0.2 40 4 3.47 6.15 

8 0.7 60 4 75.46 9.48 

9 0.2 80 4 12.51 6.25 

10 0.7 80 1 73.52 11.86 

11 1 40 4 72.15 24.85 

12 1 60 1 62.41 31.26 

13 0.2 60 2 6.29 4.46 

14 0.7 80 2 78.49 9.89 

15 1 40 1 59.42 34.65 

16 0.2 60 1 5.26 3.89 

17 1 40 2 67.21 29.86 

18 0.2 40 2 5.51 4.56 

19 1 80 4 81.49 16.21 

20 1 80 1 64.61 27.59 

21 0.2 60 4 6.57 5.81 

22 0.7 40 4 64.79 11.46 

23 1 60 4 78.85 18.86 

24 0.7 80 4 82.59 8.49 

25 0.7 60 1 69.49 12.56 

26 0.2 40 1 2.87 2.62 

27 0.2 80 2 6.54 5.91 

 

 
Figure 2. One factor diagrams of grade. 
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Figure 3. Factors Interaction diagrams of grade. 

 

 
Figure 4. One factor diagrams of recovery. 

 

 
Figure 5. Factors interaction diagrams of recovery. 

 

attracted materials in concentrate as expected [15] [29], paramagnetic materials 
will attract more to a stronger magnetic field, but there is one more important 
point, which different magnetic field intensities, show different behavior on ma-
terials, in some cases increasing in magnetic field intensity will decrease both 
grade and recovery due to presence of middlings which this phenomena roots to 
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poorly liberation of feed. Also, increasing drum speed is decreasing grades again 
as expected [30] because it will decrease the accuracy of separation, and have a 
negative effect on separation efficiency. The reason for this phenomenon is with 
the increasing speed of the pulley, the impact time of magnetic attraction will 
decrease and as a result, these forces won’t acting properly and accurately. In-
creasing feed rate will cause a decreasing grade of chromite concentrate which 
attracted by the magnetic field, one of the reasons for this phenomena is the 
formation of several layers of chromite on each other which decrease the mag-
netic effect of separator apply to these paramagnetic particles, so the separation 
operation will be incomplete. Besides that, separation efficiency will decrease 
subsequently due to a drop in magnetic susceptibility. 

In Figure 3, diagrams of 2 factors interactions for grade has been shown for 
all factors separately. As can be seen in the diagram of magnetic field interaction 
with drum rotating speed, the best result of the grade will come after an increase 
of magnetic field and decrease of drum speed and feed rate, together. Further-
more, as it can be seen in the magnetic field/feed rate interaction diagram, 
another time, the higher grade will be the result of an increase in the magnetic 
field and decrease of feed rate. And, on the other hand, the drum speed/feed rate 
interaction diagram, shows increasing both factors together will decrease grade 
regarding the aforementioned reasons. 

In Figure 4 and Figure 5, one-factor diagrams of recovery and Factors Inte-
raction diagrams of recovery have been shown, respectively. As can be seen from 
both figures increase of the magnetic field will increase the recovery rate of 
chromite from tailings to the concentrate, moreover increase of drum speed and 
feed rate will cause a decrease in recovery, however, the effect of drum speed 
change in toleration of recovery is negligible. All these results confirm the prin-
ciples of magnetic separation parameters on paramagnetic minerals [28]. Finally, 
after 27 tests for 3 factors in 3 levels, the optimum condition was obtained with 
10,000 gauss or 1 tesla in magnetic field intensity, 1 kilogram per minute feeding 
rate, and 40 rpm drum rotating speed which produced a concentrate with 
34.65% Cr2O3 and 59.42% recovery.  

4.2. Mineralogical Effects 

Based on Haggerty studies [14], the formula of Chromite can vary in this form 
(Fe, Mg)O(Cr, Al, Fe)2O3, where magnetic susceptibility of the mineral has a di-
rect relation to its elemental composition [31] [32] [33] [34]. As a result of this 
fact, chromites with more Iron content in its crystal structure will have more 
magnetic susceptibility, and this can result in more attraction by magnetic fields 
of magnetic separators and consequently better separation efficiency of chromite 
particles from gangue particles. 

4.3. Conditions of Semi-Industrial Tests 

Regarding test results, the only feasible magnetic separators are high-intensity 
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ones with more or equal to 1 tesla or 10,000 gauss, magnetic field intensity. Due 
to this fact, test results of 10,000 gauss magnetic field intensity, modeled sepa-
rately by design expert 12 software to obtain, better perception of parameters in 
the industrial environment. 

According to the diagrams which have been shown in Figure 6, increasing 
drum speed and feed rate cause grade reduction of concentrates. However, this 
increase has a reverse effect on the recovery rate of chromite fragments of the 
tailing. These outcomes show the effect of magnetic momentum on separation 
efficiency and behavior of paramagnetic material in the magnetic field. Reduc-
tion in magnetic susceptibility in different forms of mineralogical and opera-
tional will result in grade drop. 
 

 
Figure 6. Grade and recovery diagrams for 1 tesla tests. 
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5. Conclusions  

Day to day, economic reserves of minerals reaching the end, due to this fact 
more alternatives need to be found to fill the supply void space. For chromite 
and other metallic minerals which are strategic to the global economy and in-
dustry, there are several methods to reach this aim, including recycling of scrap 
metals, landfill mining, deep-sea mining, and recovery of minerals from tailing 
depots and old tailing dams, which among them recycling scrap metals and re-
covery of tailings are more feasible and environmentally friendly. 

According to the results of this study, the magnetic separation can be a relia-
ble method to produce a concentrate which can be used as a raw material of 
gravity separation methods of run of mine, also it can be blended with high 
grade concentrates to increase recovery of the whole flow-sheet. On the other 
hand, experiments showed which low-intensity magnetic separators are not 
useful neither for this method nor for other methods which rejecting magnetite 
from ore to increase Cr/Fe ratio, because a portion of this strategic mineral will 
be removed by this method, and this result is due to low magnetic susceptibility 
of chromite. Also, the elemental composition of minerals affects directly separa-
tion efficiency. All in all, the recovery of alpine chromites from old tailings 
seems feasible and economic by the magnetic method. 
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