Synopsis

The beneficiation of iron ore slimes by selective flocculation was studied.
Polyacrylamide (PAM) and guar gum were used as flocculant, along with
sodium hexametaphosphate (SHMP) as a dispersant. The samples
collected were initially subjected for chemical and mineralogical studies.
The mineralogical studies indicated the presence of haematite and goethite
as the principal iron-bearing minerals, with quartz and kaolinite as gangue
minerals. The selective flocculation tests showed that the Fe grade can be
enhanced from 58.24% to 64.60% Fe at a recovery of 66.33% using
polyacrylamide as the flocculant. A Fe grade of 63.20% at a recovery of
68.04% was obtained using guar gum as flocculant. The efficacy of the
studies was analysed using a separation index, which indicated that the
higher separation index was obtained with the tests employing
polyacrylamide as the flocculant.

Keywords
selective flocculation, iron ore slimes, polyacrylamide, guar gum,
beneficiation.

The Journal of the Southern African Institute of Mining and Metallurgy

Introduction

India is endowed with huge reserves of high-
grade iron ore and is one of the prominent
producers in the world. As the high-grade iron
ores have been exhaustively mined, it has
become imperative to use low-grade iron ores,
fines, and slimes to meet the growing demand.
Also, generation of fines and slimes during
mining and processing contributes to loss of
minerals to the extent of 30% of the total value
(Mandre and Panigrahi, 1997). These
fines/slimes are often discarded as waste into
tailing ponds, containing considerable
amounts of iron. Therefore beneficiation of
tailings/slimes has become necessary for
optimal utilization of the resources.

In recent years, interest in recovery of
valuable minerals from low-grade ores, slimes,
and tailings has increased worldwide. These
activities are initiated not only to recover
minerals but also to address various
environmental issues associated with fine
particle treatment. The literature reveals that
several technologies have been employed in
this regard, including flotation, advanced
gravity separation, and high-intensity
magnetic separation. However, these processes
are found to be ineffective for fine particle
treatment due to lower collision probability in
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flotation, decreased gravitational effect in
gravity separation, and reduced drag force in
magnetic separation, among other factors
(Batisteli and Peres, 2008; Das et al., 2007;
Dworzanowski, 2012; Rocha, Caneado, and
Peres, 2010). Therefore, it is in this regard
that selective flocculation has gained
importance in treating slimes in recent years.

In the earlier research work, selective
flocculation studies of iron ore were carried out
using dispersant in the grinding circuit with
starch as a flocculant. The studies indicated
that the dosing sequence of various reagents
affects the effectiveness of selective
flocculation (Ma, 2012). A typical study,
carried out on alumina-rich Indian iron ore
slimes, indicated that amylopectin, a
constituent of starch, is selective towards
flocculation of haematite particles
(Ravishankar and Pradip Khosla, 1995). Many
studies have been carried out on selective
flocculation employing different flocculants
(Drzymala and Fuerstenau, 1981;
Weissenborn, Warren, and Dunn, 1994; Jin,
Hu, and Hou, 1987; Haselhuhn, Carlson, and
Kawatra, 2012; Panda et al., 2013). However,
the characteristics of ores/slimes from different
localities differ substantially. Therefore, a
study on selective flocculation of typical iron
ore tailings employing polyacrylamide and
guar gum as the flocculants was conducted.
The study also included an analysis of the
efficacy of the process by using a separation
index technique.

Materials and method

A typical iron ore slimes sample was collected
from a slime pond at Kiriburu iron ore
processing plant, Jharkhand, India. Guar gum
and polyacrylamide (non-ionic), obtained from
Saiguru Food and Gum Industries, Mumbai
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and Merck, India respectively were used as flocculants. Other
reagents, including sodium hexametaphosphate, sodium
hydroxide, and hydrochloric acid, were of analytical grade.

Chemical studies

Chemical analysis was carried out by double-beam atomic
absorption spectroscopy using Thermofisher apparatus. The
results of the studies indicated that the sample contains
58.24% Fe, with 4.72% SiO,, 3.47% Al,0;, and had 5.18%
loss on ignition (LOI).

QEMSCAN

Mineralogical analysis was carried out using QEMSCAN
(model 4300), and the results are given in Table I. The major
minerals present in the sample were haematite, goethite, and
limonite, with gibbsite, kaolinite, and quartz as the chief
gangue minerals. About 97% (by mass) consisted of
haematite, goethite, and limonite with the remaining 3%
consisting of other minerals such as quartz, kaolinite,
gibbsite, and magnetite.

The mineral composition of the sample is shown in Figure
1. It can be seen that most of the gangue minerals are
associated with the haematite phase. The haematite content
is higher in the smaller size fractions than the gangue
minerals. This indicates the enrichment of iron minerals in
the smaller size fractions.
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Figure 1—Particle map of iron ore slime
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Figure 2—X-ray diffraction pattern of iron ore slimes

X-ray diffraction analysis (XRD)

XRD studies were carried out using a Rigaku X-ray
diffractometer (model Ultima IV) with Cu K, as the target.
The XRD spectrum is given in Figure 2. It can be seen that
the major iron-bearing minerals are haematite and goethite,
with silicate gangue minerals such as kaolinite and quartz.

Field emission scanning electron microscopy

A Carl Zeiss model Supra 55 thermal field emission scanning
electron microscope (FE-SEM) was used for the study. The
results, which are given in Figure 3, indicate that the sample
contains variable quantities of gangue minerals such as
alumina and silica, along with iron. Plate-like particles are
visible in the micrograph, which shows the presence of
goethite in the sample.

Flocculation tests

The standard test procedure described in the literature was
adopted for flocculation (Mandre and Panigrahi, 1997).
Flocculation tests were carried out in a 1000 ml graduated
cylinder. For this purpose a desired amount of -75 um iron
ore slimes was mixed in 950 ml water and the pH of the
slurry was adjusted by adding NaOH and HCI. The required
amount of dispersant was then added to the slurry. The
slurry was thoroughly mixed for 2 minutes using a perforated
plunger. The requisite amount of flocculant was then added,
followed by mixing for 1 minute. After thorough mixing, the
slurry was allowed to settle for a specified time and the
supernatant (upper 75% part) was siphoned off. Four-stage
washing of the flocs was carried out by adding make-up
water to the settled portion from the previous stage. The
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Figure 3—FE-SEM micrograph and EDS pattern of the feed sample
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flocculated and unflocculated masses were collected
separately, dried, and subjected to chemical analysis.

Results and discussion

Prior to the flocculation studies, initial settling studies were
carried out to ascertain the settling characteristics and effect
of pH on the ‘free’ settling rate of the slimes. The results are
shown in Figure 4. It may be seen that the settling rate of
iron ore slimes decreases with increasing pulp density and
increases with increasing pH. The maximum settling rate of
1.1 cm/s was obtained at pH 12 using a pulp density of 1%
by weight. This may be attributed to the fact that at higher
pH values all the particles (both iron and gangue minerals)
tend to settle. In order to initiate selective flocculation, the
process was carried out at pH 10, at which particles were
found to be in a transition state. Therefore, all the studies
were carried out at pH 10. After completion of the above
tests, selective flocculation studies were carried out using
different dosages of PAM and guar gum as the flocculants
and sodium hexametaphosphate dispersant. Also, studies
were carried out using a dispersant dose of 0.5 mg/g.

The results of the flocculation tests with PAM are
depicted in Figure 5. It can be seen that the iron grade of the
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Figure 4—Effect of pH on settling rate at various pulp densities

- T T T T 100
u— Grade
63 | —a— Reccveryl =
rd ™,
] / B 98
62 i _
N =

= . —
[ 96
oG R ‘\ E
2 L
ot ~ -]
] i §
5 % Los @
© 604 Y =
5] N =

59 -y o2

\
L]
58 g T T T T T T T T 90
0.00 0.06 0.12 0.18 0.24 0.30

Flocculant Dosage (mg/g)

Figure 5—Effect of polyacrylamide flocculant dosage on grade and
recovery
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Figure 6—Effect of guar gum flocculant dosage on grade and recovery

flocculated settled mass increases with increasing
concentration of PAM flocculant to a maximum value of
62.72% at a recovery of 97.35% using 0.09 mg/g PAM.
However, with PAM additions greater than 0.09 mg/g the
iron grade decreased, with increasing recovery, which may be
attributed to the haematite particles being covered by excess
polymer and thus forming polymer ‘bridges’ between the
haematite and the gange particles .

The effect of guar gum dosage is depicted in Figure 6.
The results are similar to those for PAM. A maximum grade
of 61.60% Fe in the flocculated settled mass with a recovery
of 98.15% was obtained using 0.21 mg/g of guar gum
flocculant, which may be attributed to agglomeration and
entrapment of gangue particles. It may be noted that the
experiments carried out with PAM resulted in a higher iron
grade than those with guar gum. The PAM flocculant
selectively adsorbs onto the haematite particles up to a dose
of 0.09 mg/g flocculant. With further increases the flocculant
tends to adsorb onto the gangue minerals in the slimes and
forms polymer bridges with the haematite particles, which
then settle together with the gangue minerals. Previous
studies (Khangaonkar and Balasubramani, 1993; Ma and
Pawlik, 2005; Nasser and James, 2007; Rath, Subramanian,
and Laskowski, 1997; Wang, Somasundaran, and Nagaraj,
2005) have shown that the adsorption of these flocculants on
the surfaces of the oxide minerals is due mainly to hydrogen
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Figure 7—Effect of flocculant dosage on separation index before
washing
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Table Il

Effect of washing on grade, recovery, and
separation index

No. of Grade Recovery Scparation Index
washing Guar gum’  PAM Guar Gum  PAM Guar gum  PAM
1 61.92 62.96 86.33 85.62 0.31 0.38
62.34 63.42 T8.78 76.01 0.31 0.37

3 6287 6384 7276 T70.59 0.32 0.37
4 63.2 64.6 68.04 66.33 0.32 0.39
guar gum dose 0.21 mg/g, # PAM dose 0.09 mg/g

bonding and chemical interaction. The results indicate that
flocculant extension, and thus bridging, is most likely to
occur when the flocculant covers only half of the particle
surface. Above this level, the likelihood of flocculant
extension and bridging decreases due to complete surface
coverage of the particles by the flocculants, which may result
in slurry stabilization.

All the experiments carried out were reviewed to assess
the effectiveness of the flocculation by calculating separation
indices. The separation index (SI) can be calculated using
Equation [1], suggested by Sresty and Somasundaran
(1980). The results of the studies are given in Figure 7.

SI= [(% of valuable mineral recovered in the

concentrate) + (% of gangue rejected in the [1]

tailings) - 100]/100

Figure 7 shows that the separation indices of the selective
flocculation process increased with increasing PAM
concentration to a maximum value of 0.41 at a PAM dosage
of 0.09 mg/g, whereas for guar gum the maximum value of
separation index was 0.32 at a dosage of 0.21 mg/g.
However, at dosages of more than 0.09 mg/g of PAM, and
0.21 mg/g of guar gum, the SI decreased. This may be
attributed to surface heterogeneity of the particles, where the
flocculants adsorb on the gangue minerals and co-flocculate
with the iron mineral particles, causing a decrease in
selectivity. Thus, the flocculants adsorbed on the gangue
mineral bridges with iron minerals particles to form flocs,
leading to heteroflocculation.

After completion of the above studies, tests were carried
out to determine the effect of washing of the flocs on grade,
recovery, and separation index. A four-stage cleaning
technique was employed, and the results are given in Table II.
It can be seen that at a PAM dosage of 0.09 mg/g,
after four stages of cleaning the grade increased to 64.60%
with a recovery of 66.33%. Similarly, with 0.21 mg/g of guar
gum the grade increases to 63.20% after four stages of
cleaning with a corresponding recovery of 68.04%. The
maximum separation index was 0.39 for PAM and 0.32 for
guar gum, which may be attributed to the removal of
entrapped gangue minerals from the flocs formed. After four
stages of washing, the grade of iron ore slimes was improved
by 2.99% in case of PAM, and by 2.60% in the case of

guar gum.
Conclusions
» Mineralogical studies indicated that haematite and
goethite are the major iron-bearing minerals, and
quartz and kaolinite the major gangue minerals
» The studies carried out to determine the effect of ‘free
settling rate’ of iron ore slimes indicated that the
settling rate increases with increasing pH, irrespective
of the variation in pulp density
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» A maximum grade of 64.6% Fe at a recovery of 66.33%
was obtained with 0.09 mg/g PAM at pH 10 and 0.5
kg/t sodium hexametaphosphate

» A maximum grade of 63.20% Fe at a recovery of
68.04% was obtained with 0.21 mg/g guar gum at pH
of 10 and a dispersant dose of 0.5 mg/g

» The studies indicated a maximum separation index of
0.39 for PAM, and 0.32 for guar gum, after four stages
of washing.
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