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Abstract — We produced magnetite nanoparticles (MNPs) and a Mg-rich solution as a nano-adsorbent and a coagulant for
water treatment, respectively, using a low-grade iron ore. The ore was leached with aqueous hydrochloric acid and its
impurities were removed by solvent extraction of the leachate using tri-n-butyl phosphate as an extractant. The content
of Si and Mg, which inhibit the formation of MNPs, was reduced from 10.3 wt% and 15.5 wt% to 28.1 mg/L and < 1.4 mg/L,
respectively. Consequently, the Fe content increased from 68.6 wt% to 99.8 wt%. The high-purity Fe** solution recovered
was used to prepare 5-15-nm MNPs by coprecipitation. The wastewater produced contained a large amount of Mg”* and
can be used to precipitate struvite in sewage treatment. This process helps reduce the cost of both sewage and iron-ore-
wastewater treatments, as well as in the economic production of the nano-adsorbent.
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1. Introduction

Iron-ore tailings have been studied to extract valuable elements
while reducing industrial waste, and have been used to produce mag-
netite powders with submicron to micron particle size [1,2]. Nanopar-
ticles have been produced using iron-ore tailings and pure commercial
reagents such as FeCl,-4H,0 and FeSO,-7H,O [3,4]. Low-grade
tailings have also been purified up to 99.9% Fe by solvent extraction
[5,6]. Solvent extraction is a well-established process of liquid-lig-
uid extraction that relies on the distribution of different components
between two immiscible phases.

Inorganic phosphorous in wastewater and sewage is removed by
using well-established technologies such as biological uptake, ion
exchange, precipitation, and adsorption [7]. Among these technolo-
gies, phosphorus adsorption to solid substrates has been widely used
and is considered as an effective process. Iron oxyhydroxide adsorbents
can achieve high P-removal efficiency because of the strong affinity
of the phosphate anions with ferric metal centers [8-11]. However,
the conventional micron-sized coagulants suffer from several draw-
backs, such as limited P-removal efficiency and difficulties of sludge

handling and disposal because of their massive volumes. Nano-
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adsorbents can provide more active adsorption sites than the conven-
tional powder, and thus, alleviate the burden of sludge handling and
disposal. Because of the favorable adsorption capacity and specific
surface area, magnetite nanoparticles (MNPs) are suitable as an
effective adsorbent in wastewater treatment. They can also be easily
recovered after use because of their excellent magnetic properties
[12-16].

The demand for MNPs is very high in water treatment. There-
fore, it is necessary to develop a means to reduce the cost of MNPs
to make water treatment affordable. Iron-ore tailings or low-grade
iron ores, which are much less expensive than high-purity iron
ores, can be used as an economic source of Fe species for produc-
ing high-purity MNPs.

In this study, we recovered Fe from a low-grade iron ore by solvent
extraction and synthesized MNPs as a nano-adsorbent by coprecipi-
tation. Both solvent extraction [17-19] and coprecipitation [20-22]
are practical economic technologies. The impurities were removed
from the low-grade iron-ore leachate by solvent extraction using
tri-n-butyl phosphate (TBP) as an extractant. The high-purity fer-
ric solution thus obtained was used as a starting material for prepar-
ing highly crystalline MNPs by coprecipitation, without employing
commercial chemicals for iron sources. The Mg-rich wastewater
can be used as a precipitating agent to remove phosphate in sew-
age treatment, which reduces the waste produced by the entire pro-
cess. Our results suggest that low-grade iron ores or tailings can be
exploited to alleviate water contamination, leaving minimal envi-

ronmental footprint.
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2. Experimental

2-1. Materials

The low-grade iron ore obtained from the Shinyemi mine in Gang-
won-do, South Korea, contained approximately 44.30% Fe, 6.35%
Si, 9.33% Mg, and 1.06% Al. The chemicals used in the crystallization
of MNPs were hydrochloric acid (HCI, Junsei, GR, 35.0-37.0%),
sodium hydroxide (NaOH, Kanto, Cica reagent, min. 97%), sodium
borohydride (NaBH,, Alfa Aesar, 98%), and hydrogen peroxide (H,O,,
Junsei, GR, 30%); all of them were used as received. The organic
phase used for solvent extraction was prepared by mixing as received
TBP (Junsei, GR), 2-ethyl-1-hexanol (Acros, 99%), and kerosene
(Sigma-Aldrich, RG). 2-Ethyl-1-hexanol and kerosene were, respec-
tively, used as a modifier that enhances phase separation and as a
diluent that adjusts viscosity. To test the effect of impurities on iron-
oxide crystallization, FeCl,-4H,O (Sigma-Aldrich, 99%), FeCl;-6H,0
(Sigma-Aldrich, ACS, 97%), sodium silicate (Na,SiOs) solution (OCI,
SiO, 28-30%)), and MgCl,-6H,O (Sigma-Aldrich, ACS, 99.0-102.0%)
were used as received. All the chemical solutions were prepared with

ultrahigh pure deionized water.

2-2. Solvent extraction of Fe from iron-ore leachate

A hydrometallurgical process for producing high-purity ferric ions
and subsequently MNPs is depicted in Fig. 1. The solvent extraction
process consists of two main steps: extraction and stripping. The
extraction step involves selectively separating a metal species of interest
from among the species present in an aqueous phase by forming a
complex with the organic extractant, and in turn, transferring the
complex from the aqueous to the organic phase. Next, the metal spe-
cies is stripped from the loaded organic phase by a reverse reaction
when mixed with a stripping solution. If the selectivity of specific
metal species is not very high compared with the other metals, a
scrubbing stage should be performed before stripping to remove
metal impurities included in the organic extractant.

The purification process was as follows. After crushing of the
magnetite iron ore, magnetite powder with particle size less than 149 pm
was sieved through a No. 100 sieve. To obtain magnetite leachate,
300 g of magnetite powder and 450 mL of 35-37% (m/m) HCI were
placed in a 1-L beaker and stirred at 100 °C for 2 h. The obtained
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leachate was centrifuged at an acceleration of 14,752 g for 10 min to
separate and discharge the residual undissolved powder. Then, 390 mL
of 30% H,0, was added as an oxidant to 300 mL of the obtained
supernatant such that all Fe** ions were oxidized to Fe’* ions, and
810 mL of distilled water was added to prepare a diluted aqueous
solution with the Fe*"-ion concentration of 0.75 M. Then, a high-purity
iron aqueous solution was obtained by selectively removing the Fe**
ions from the leachate, in which various metal ions were dissolved,
by solvent extraction. To selectively extract the Fe*" jons from the leach-
ate, 250 mL of an aqueous solution of leachate and 250 mL of solvent
extractant containing 2.5-M TBP (i.e., a solution containing 170 mL
of TBP, 50 mL of 2-ethyl-1-hexanol, and 30 mL of kerosene) were
placed in a separating funnel, uniformly mixed with a stirrer for 10
min, and then left for 10 min until an organic phase and an aqueous
phase were separated from each other. At this time, silica particles
dispersed in a colloidal state in the acidic leachate [23] bonded with
the organic phase to form a semitransparent milky emulsion in an
organic solution phase and floated on the top of the separating funnel.
The aqueous and organic solutions were separated from each other
by opening the tap of the separating funnel. The organic solution in
which the emulsion was suspended was centrifuged at an acceleration
of 14,752 g for 10 min to separate and remove the silica particles,
obtaining an organic solution containing an iron-extractant complex.
Subsequently, as a stripping process, which is the final step of the
solvent extraction, 500 mL of distilled water was mixed with 250 mL of
the organic phase containing the complex such that the volume ratio
of the organic solution to the aqueous solution was 1:2. The mixed
solution was placed in a separating funnel, vigorously stirred for 10 min,
and then left for 10 min until phase separation occurred. Then, the
tap was opened to separate the aqueous solution, obtaining a high-
purity iron aqueous solution containing more than 99% Fe** ions.

2-3. Synthesis of magnetite nanoparticles

A high-purity ferric solution was used as a starting material to pre-
pare magnetite nanoparticles by coprecipitation. MNPs were copre-
cipitated when the mixture of ferric and ferrous solution in the ratio
of 2:1 was added to a high concentration of hydroxide solution [21].
MNPs are formed by the solid phase reaction according to the fol-
lowing chemical reactions [22]:

Fe?* +20H — Fe(OH), )
Fe** +30H — Fe(OH), ¥))
Fe(OH); — a-FeOOH + H,0 3)
Fe(OH), + 2a-FeOOH — Fe;0,+2H,0 “)

To synthesize MNPs, a ferrous aqueous solution was prepared by
reducing one-third of the high-purity Fe>* solution. For this purpose,
50 mL of 0.033 wt% NaBH, aqueous solution was added to 167 mL
of Fe** aqueous solution corresponding to one-third volume of 500 mL
of Fe*" aqueous solution and stirred for 10 min. Then, 100 mL of iron
aqueous solution containing 53 mL of Fe*>" aqueous solution, 35 mL
of Fe?" aqueous solution, and 12 mL of distilled water was gradually
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added to 100 mL of 2.0-M NaOH alkaline aqueous solution, and the
mixed solution was stirred at 40 °C for 10 min to react with each
other, generating MNPs. The prepared nanoparticles were washed three
times with distilled water by using a magnet.

The synthetic procedure with commercial reagents is the same as
the above except for the preparation of iron salt solution. The salt
solution was prepared by dissolving 0.02 mol of ferric chloride and
0.01 mol ferrous chloride in 100 mL deionized water. The mixed iron
salt solution was added to 100 mL of a 1.0-M NaOH solution to react
at40 °C for 10 min.

2-4. Characterizations

The composition of the metal components contained in the MNPs
prepared above and the raw iron-ore powder was determined by wet
chemical analysis and inductively coupled plasma atomic emission
spectrometry (ICP-AES, Jobin-Yvon, JY 38 plus, France). The con-
tent of Fe and Si was determined by the wet chemical method, while
the others by ICP-AES analysis. The metal composition of the aque-
ous solutions generated during solvent extraction was measured by
ICP-AES alone. The size, shape, crystalline structure, surface area, and
magnetic properties of nanoparticles were characterized by a trans-
mission electron microscope (TEM, Philips, CM12, Netherlands), an
X-ray diffractometer (XRD, Rigaku Denki Co. Ltd., RU-200B, Japan),
a surface area analyzer (BET, Micromeritics, TriStar, USA), and a
magnetic property measurement system (Quantum Design, MPMS
5T, USA), respectively.

3. Results and Discussion

3-1. Solvent extraction of Fe from iron-ore leachate

The solvent extraction process for the recovery of Fe using a TBP
mixture has been well described elsewhere [6]. TBP is a neutral
extractant, making the control of pH of the aqueous phase before
extraction unnecessary; thus, the Fe-TBP complex is easily separated
under a neutral or weakly acidic stripping solution. First, the selectivity
of the TBP mixture was verified from metal isotherms. The metal
isotherms with the mixture containing 2-M TBP, 20% 2-ethyl-1-hex-
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Fig. 2. Isotherms of Fe and Mg for solvent extraction using tri-n-
butyl phosphate as an extractant.

anol, and kerosene were examined for a synthetic solution contain-
ing 0.1-M Fe** and 0.05-M Mg?" (Fig. 2). As the concentration of HCI
increased, the extraction efficiency of Fe** increased up to 99.4% at
6 M. In contrast, the extraction efficiency of Mg?" ions remained
below 1.9% for the concentration range 0-6 M. This tendency indi-
cates that Mg?", the main ionic impurity, cannot be extracted by TBP;
therefore, the scrubbing step was not necessary to remove metal ions
other than Fe** from the loaded organic phase.

To determine the appropriate conditions for Fe*" extraction from
the leachate, the effects of reactant concentrations were investigated
[24,25]. The effect of HCI concentration on the extraction of Fe(III)
with a constant iron concentration of 41.6 g/L (0.743 M) in the feed
solution was investigated in the range of 4-7 M. The extractions were
carried out with 2.5-M TBP at a 1:1 phase ratio, increasing Fe(III)
extraction from 83.1% to 97.9% (Fig. 3a). Excessive HCI was required
in part because of the stoichiometry of the extraction reaction [6]:

Fe3* +4ClI +H + TBP,,, — FeCl;HCI'TBP,,, ®)

In addition, the effect of TBP concentration on the extraction of
Fe(IIT) with an iron concentration of 41.6 g/L in a 6-M HCl feed solu-
tion was investigated. The concentration of TBP was varied from 0.5 M
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Fig. 3. Effects of reactant concentrations on F e>" extraction: (a) Effect of HCI concentration and (b) Effect of tri-n-butyl phosphate (TBP)

concentration.
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to 3 M while keeping that of 2-ethyl-1-hexanol constant at 20% by
adding appropriate amounts of kerosene. The extraction efficiency
increased from 19.0% with 0.5-M TBP up to 92.8% with 3.0-M TBP
(Fig. 3b). Fig. 3 shows that the extraction efficiencies were nearly
saturated when the reactant concentrations were 6.0-M HCl and 2.5-M
TBP. Considering the cost of the chemicals, these values were cho-
sen as the optimum concentrations for extraction.

Furthermore, the extraction efficiency varies with the volume ratio
between two phases; it is impossible in a single stage to simultane-
ously achieve both high recovery and a high extraction efficiency.
Thus, multistage extractions are carried out in industries, and a coun-
tercurrent cascade arrangement is a common practice [17]. To deter-
mine the optimum extraction condition in a countercurrent cascade,
the McCabe-Thiele diagram for Fe(Ill) extraction was plotted with
extraction isotherms (Fig. 4a). The aqueous feed solution containing
43.7-g/L Fe and 6-M HCI was mixed and equilibrated with an organic
extractant mixture containing 2.5-M TBP and 20% 2-ethyl-1-hexanol
in kerosene for 10 min each. The Fe concentration of the feed solutions
varied slightly between the different sets of experiments. The volume
ratio of organic to aqueous phases was varied from 1:5 to 5:1 while
keeping the total volume of the two phases constant. After phase dis-
engagement, the aqueous and organic phases were analyzed to deter-
mine the Fe concentration. The McCabe-Thiele diagram for extraction
(Fig. 4a) indicates that 2-stage extraction with an equal phase vol-
ume ratio, O:A=1:1, is an appropriate extraction condition to achieve
both high recovery and a high efficiency [17].

As for stripping process optimization, the stripping isotherm for
the Fe-TBP complex phase was investigated. Stripping is the reverse
of extraction; therefore, stripping of iron from the organic phase
should be carried out under a low-pH condition. As expected, pure
distilled water resulted in the highest stripping efficiency of 57.2%
for the phase ratio O:A = 1:1 with 40.5 g/L of Fe-loaded extractant;
the efficiency monotonically decreasing with the increase in the HCI
concentration in stripping solutions. Thus, pure distilled water was
chosen as the strippant. To determine the required number of stages
and the appropriate phase ratio for stripping in a countercurrent cas-
cade arrangement, the stripping isotherm was investigated. The organic
phase loaded with 40.5-g/L Fe was mixed with distilled water in the
O:A range 1:5-5:1 while keeping the total volume of the two phases
constant. The concentrations of Fe distributed in the two phases were
plotted as a McCabe-Thiele diagram (Fig. 4b), indicating that 2-stage
stripping with a phase ratio of O:A=1:2 is an appropriate stripping
condition [17].

To validate our results for a countercurrent cascade arrangement,
extraction and stripping experiments were carried out for the same
reagent concentrations as those employed in plotting the McCabe-
Thiele diagrams (Fig. 4) while keeping the phase ratio constant at
0:A=1:1. The distribution coefficients between the aqueous and organic
phases for both extraction and stripping are listed in Table 1. The volume
of the aqueous phase was reduced from 50 mL to 45 mL after the
extraction (Table 1). This volume change is attributed to the transfer
of the Fe(I1I) species that forms a complex with H" and CI” ions and
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Fig. 4. McCabe-Thiele diagrams for (a) extraction and (b) stripping of Fe** ions.
Table 1. Distribution coefficients and separation efficiencies for Fe>" extraction and stripping
P Aqueous Organic D' ot
rocess
[Fe**] (g/L) Volume (mL) [Fe*'] (g/L) Volume (mL) °
Before extraction 39.78 50 0.00 50 - -
Extraction 1.06 45 35.30 55 335 97.1
Stripping, First 22.78 55 12.52 55 1.8 64.5
Stripping, Second 9.47 55 3.05 55 10.6 914
Stripping, Third 1.40 55 1.65 55 20.4 95.3

*D represents distribution coefficients, i.e., [Fe’],/[Fe’],, and [Fe’"],/[Fe’

represent aqueous and organic phases, respectively.

Jorg fOr extraction and stripping, respectively. The subscripts “aq” and “org”

%E represents separation efficiency, i.e., extraction or stripping efficiency for the extraction or stripping step, respectively.

Korean Chem. Eng. Res., Vol. 53, No. 1, February, 2015
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Table 2. Compositions of metal components in the raw iron ore, in the
stripping solution obtained from the stripping stage at the end
of the solvent extraction, and in the magnetite nanoparticles
prepared from the stripping solution

Concentration of elements

Composition Ore (Wi%) Stﬁpp(ir?é/ io)lution Magnetit(tlsn Zjic;particles
Fe 68.63" 99.79 wt% 99.82 wt%"
Si 10.34" 28 0.11 wt%"

Mg 15.53 <1 <12
Al 1.60 <21 <105
Ca 1.99 150 142
Mn 1.67 25 40
Zn 0.13 190 198
P 0.03 0.16 wt% <173
Ti 0.09 <1 <12

Total 100.00 100.00 100.00

*These data were obtained using the wet chemical method, while
the others using ICP-AES.

TBP, increasing the volume of the organic phase. The distribution
coefficient for extraction, [Fe3+]org/[Fe3+]aq, was 33.5 for the first
extraction, indicating a very high extraction efficiency of 97.1%.
However, the Fe(Ill) stripping efficiency became as high as 95.3%
after stripping was conducted three times. This relatively low strip-
ping efficiency can be confirmed by examining the corresponding
McCabe-Thiele diagram (Fig. 4b). As a result, the phase ratio of O:A
=1:2 was suggested for stripping, drawn as the operating line in
Fig. 4b.

The compositions of the raw iron-ore powder and recovered solu-
tion obtained by the solvent extraction process are compared in Table 2.
In this experiment, the extraction and stripping processes were car-
ried out only once. Among the major metal components, the weight
ratio of Fe increased from 68.6% in the raw iron ore to 99.8% in the
stripping solution, implying a high selectivity of the TBP mixture.
The content of Si and Mg, which inhibits the formation of MNPs,
was 10.3 wt% and 15.5 wt% in the raw iron ore, and was signifi-
cantly reduced to 28.1 mg/L and < 1.4 mg/L, respectively, in the strip-
ping solution obtained at the end stage of solvent extraction. Certain
amounts of colloidal silica and Mg?" ions prohibited the formation of
crystalline magnetite particles, while impurities such as Al, Ca, and
Mn contained in the raw iron ore in several wt% did not affect the
particle formation. This tendency was confirmed using a simulated
solution containing the same amount of metal ions as the iron ore in a
preliminary study. This is why coprecipitation using the iron leach-
ate prepared by dissolving low-grade iron ore or tailings as a starting
material generally does not produce crystalline MNPs. This inhibi-
tion was confirmed at the same concentrations of metal components
in simulated solutions prepared with commercially available reagents
as in the leachate (data not shown).

3-2. Synthesis of magnetite nanoparticles
The particles prepared in this study were characterized to ensure

(b)

Fig. S. Transmission electron microscopy images of magnetite nanopar-
ticles prepared from (a) the stripping solution obtained from
solvent extraction and (b) commercial reagents. Scale bar=
30 nm.

the composition, surface area, size, and magnetic properties, which are
critical to their application in water treatment. The specific surface
area of the particles obtained from the ore was determined at 122.97 m%/g
by the Brunauer-Emmett-Teller (BET) method. The TEM images of
the two powders prepared using the low-grade iron ore by solvent
extraction and commercially available reagents are shown in Fig. 5.
The average size of the particles (11.0 nm) produced from the ore
leachate (Fig. Sa) is approximately the same as that of the particles
(10.8 nm) prepared with the commercial reagents (Fig. 5b).

To compare the crystalline structures, the XRD patterns of the
nanoparticles prepared using the low-grade iron ore by solvent extraction
and using commercially available reagents are shown in Fig. 6a. The
two nanoparticles exhibited the same pattern as that of magnetite
ICDD Card No. 19-0629, thus confirming the crystallization of magne-
tite. This agreement is considered to occur because the purity of the
recovered Fe solution from the ore leachate is as high as that of the
commercial reagents (Table 2). The purity of the stripping solution
and that of nanoparticles was nearly the same as 99.79% and 99.82%,
respectively.

The magnetic characteristics (Fig. 6b), enabling easy handling of
the particle form of industrial materials, showed that the saturated
magnetization value of the MNPs prepared using the recovered Fe
solution from the leachate was 65.7 emu/g, which is slightly higher
than 59.8 emu/g of the MNPs prepared using the commercially avail-
able reagents. Moreover, the MNPs have a coercive force of 0, and thus,
can be effectively recovered and reused in wastewater treatment.
This can be understood in the same way as the fact that the nanoparti-
cles could be easily separated from the solvent without using a separate
device such as a centrifuge during the preparation of the nanoparti-
cles. For example, in the adsorption stage of water treatment, the
nanoparticles in the absence of an external magnetic field should be
non-magnetic so that they do not agglomerate with each other, leading
to a well-dispersed colloid; while in the recovery stage they should
be highly magnetic under a magnetic field for easy retrieval. This
superparamagnetic behavior attributed to zero coercivity in part is
required for the repetitive usage of the MNPs.

Korean Chem. Eng. Res., Vol. 53, No. 1, February, 2015
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extraction.
4. Conclusions

We synthesized MNPs with a purity of 99.8% using a low-grade
iron ore as a starting material by a simple hydrometallurgical pro-
cess. The main impurities of Si and Mg were effectively removed by
solvent extraction. The solvent extractant used was relatively expen-
sive but can be used dozens of times, thereby significantly reducing
the material cost. It is possible to reduce the processing cost and the
amount of energy used, thus supplying a high-efficiency MNP
adsorbent in large quantities at low cost. Further, the final extraction
residue, raffinate, is an aqueous solution containing a large amount
of dissolved Mg2+ ions; thus, the residue can be separately used in
water purification for removing the phosphorus components pres-
ent in sewage. The phosphorus is removed in the form of struvite
(i.e., ammonium magnesium phosphate hydrate, NH,MgPO, -6H,0)
precipitate [7,26,27], which is a slow-release complex fertilizer. To
date, many inexpensive Mg sources have been sought as the key
material to improve the economic feasibility of struvite precipita-
tion [28-32]. Here, we identified another good candidate for Mg:
the iron ore produced at the Shinyemi mine in Gangwon-do, South
Korea. Consequently, not only the cost of Mg but also the cost of
iron-ore-wastewater treatment could be reduced. This study may
contribute to alleviate water pollution by supplying a magnetic
nano-adsorbent and a P coagulant for sewage or wastewater treat-
ment at a reasonable cost.
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