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The precipitation of iron and associated heavy metals in
industrial waste water and in model solution using ferritiza-
tion and aerobic bacterial culture was investigated. Magnetic
sediments extractable by magnetic separation (specific satu-
ration magnetization of 16-36.8 G cm’/g) were produced by
precipitation of iron by ferritization method at pH (8-10)
and 60-80°C for 15-30 min. Nanopanrticles of ferribydrite or
Sferric hydroxide doped with associated metals (Co, Ni) were
produced under precipitation of ferric iron in model solution
with bacteria at the temperature 26-34°C. The radii of syn-
thesized particles are 1-5 nm and nanoparticles of ferriby-
drite are superparamagnetic in both un-doped and doped
(Co, Ni, Zn) sets. Dispersed structure of biogenic nanoparticle
sols, their magnetic and other properties were studied by
atomic force microscopy, X-ray small-angle scattering, X-ray
diffraction, electron magnetic resonance, Mossbauer and X-
ray photoelectron spectroscopy. © 2016 American Institute of
Chemical Engineers Environ Prog, 35: 1407-1414, 2016

Keywords: industrial wastes, ferritization, bacteria, mag-
netic, ferribydrite, nanoparticles

INTRODUCTION

Nanostructured materials have attracted considerable
attention in recent years because they exhibit useful and
unusual properties compared to conventional polycrystalline
materials [1]. The physical and chemical properties of metal
nanoparticles are mainly determined by its size, shape, com-
position, crystallinity and structure [2]. Control over these
parameters is crucial for a successful utilization of the size-
dependent properties that are unique to nanoparticles like
assembly of monolayer-protected nanoparticles into crystal-
line arrays of one-, two- or three-dimensions. These nano-
crystalline particles have a high surface/volume ratio leading
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to magnetic properties different from those of bulk materials
[1]. The controlled synthesis of magnetic nanoparticles is of
high scientific and technological interest. Biomineralization,
the processes by which organisms form minerals, is wide-
spread, with more than 60 biologically formed minerals iden-
tified [3].

Synthesis of iron-based nanoparticles based on the
physico-chemical methods by chemicals has now grasped
the attention of biotechnology.The synthesis of minerals by
bacteria has been classified according to the degree of con-
trol over the mineralization process, namely those that are
formed passively or actively. Microbes are involved in the
biomineralization of many minerals [4]. However, most of
these minerals are produce by biologically induced minerali-
zation (BIM) processes, and only a few good examples of
minerals biomineralized by both BIM and BCM (biologically
controlled mineralization) processes have been reported.
Magnetite remains as the best characterized of these exam-
ples and it is interesting and important that magnetite pro-
duced by both processes can be formed almost side by side
in certain environments [5,0]. Ferric oxides and hydroxides
are found in natural materials—soil, sediments, often with the
participation of microorganisms. They are found within cells
and in the extracellular space. Microorganisms require spe-
cific conditions for their growth owing to which biogenic
nanoparticles may have characteristics significantly distin-
guish them from synthetic physicochemical methods [5]. Tak-
ing into consideration the significance of microbially
produced magnetite in natural environments [3], lack of
information on the mechanisms on biologically controlled
magnetite formed in magnetotactic bacteria, and unexplained
aspects of biomineralization resulting in metal hydroxides
(ferrihydrite and other) formation, it is likely that the biomi-
neralization of magnetite by microbes is a new niche area
[3,4]. Formation of magnetite and ferrite in an aqueous
medium can be represented as follows [4]:
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Table 1. Metal content in initial waste water and after ferritizing.

Concentration of metals in initial waste water, mg/L

Element Fe Cu Pb Mn Cr(IID) Ni

Variation limits 3840-11665 00.5-3.6 37.2-227.2 20.4-777.7 17-36.9 0.9-6.3 21.9-253.2
Residual concentrations of metals, mg/L

Variation limits n/d-1.1 n/d-0.19 0.03-3.1 n/d-0.3 0.03-1.57 n/d-1.1 0.05-3.4

Mean values with 0.356 0.03 0.343 0.01 0.22 0.032 0.642

overshoot (N=10)

n/d - not detected (below sensitivity of the method).

2Fe®" +Fe*" +80H™ — Fe304+4H,0(pH, Temperature) (1)

xMe™" +3FeSO4+6NaOH+1/2H,0
— MegFes O +3Na SO, +3H,0+x[Fe™ o] @)

Fe(II1) —citrate + bacteria — bacteria+Fe®" 3

The basic principle of the ferrite process consists in adding
Fe(ID) ions to a heavy metal containing solution. At high pH,
mixed metal hydroxides are precipitated out of the solution,
and under oxidizing conditions ferrite formation takes place [5].
In the early 80s, the removal of heavy metals from waste
water was proposed by a method ferritization. The method
consists in the formation of the magnetic iron-based particles
in waste water under certain conditions where iron in the lig-
uid medium can be in soluble and insoluble forms. Insoluble
amorphous iron hydroxide and crystal formation gets associ-
ated with various heavy metals, non-metals and organic com-
pounds contaminating the wastewater, thereby treating them.
This method renders the advantages of transfer of water pollu-
tants into a compact, insoluble form, which is easily removed
by magnetic separation, and then the reuse of sludge produced
as a sorbent. Keeping this in view, the contribution of aerobic
bacteria in synthesis of magnetic nanoparticles by induced
mineralization is studied in this work using sediment synthe-
sized by ferritization. It particularly emphasized on the dis-
persed structure of biogenic nanoparticles and characteristics
of these compounds by atomic force microscopy, X-ray small-
angle scattering, X-ray diffraction, electron magnetic reso-
nance, Mossbauer and X-ray photoelectron spectroscopy.

MATERIALS AND METHODS

Ferritization and Design of Experiments

Synthesis of disperse particles by ferritizing [7] was ana-
lyzed on model waste waters containing iron and ions of
manganese, zinc and cobalt and in industrial waste water of
non-ferrous metal processing plant. Industrial wastewater
contained iron and, in the form of impurities—copper,
nickel, chromium, lead, zinc and manganese. Environment
conditions in precipitation of metal ions were evaluated in
experiments carried out in compliance with design matrix of
complete factorial experiment (CFE) 23 and orthogonal cen-
tral composition design (OCCD) [7]. Controlled variables
were: temperature; concentration ratio of ferrous and ferric
iron [Fe*"]/[Fe**]. Total concentration of iron was 5 g/L in
CFE and 1 g/L in OCCD experiment. Ferritizing was carried
out at pH of the medium 8-10 and temperature 60-80°C for
15-30 min duration. Iron-attendant metals were set in the
form of water-soluble salts. Ion concentrations in CFE were
(mg/L): Zn—35, Mn—160, Ni—380. In OCCD experiments,
impurity elements were set in lower concentration—18, 80
and 190 mg/L, respectively. All multifactorial experiments per-
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formed in compliance with design matrices, were carried out
in two versions: in the first, the source of trivalent iron was
chemical reactant of ferric sulphate; in the second, ferric iron
was produced by bacterial oxidation of the ferrous form.
Residual concentration of metal in water was taken as meas-
ured response. Efficiency and reproducibility of extraction of
iron and impurity metals in the form of magnetic precipitation
by ferritizing were evaluated on industrial waste water while
fluctuating composition of wastes [8]. Multifactorial experi-
ments showed precipitation of iron and other metals to
depend heavily on unidentified factor of bacterial origin.

Bacteria

Bacteria Pseudomonas moorei and Delftia tsurubatensis
were isolated from autochthonous microflora North Onega
and the Middle Timan deposits (Russia), and halotolerant
Pseudomonas argentinensis from salt lake Shira (Khakassia,
Russia). Bacteria were cultured in a batch process with stir-
ring and aeration with air at 26-34°C, initial pH 6.0-6.3 in 60
h in mineral medium with iron citrate as sole carbon and
energy source and a precursor of iron precipitates (Eq. 3).
The bacteria(s) used in this process were believed to help in
biologically controlled mineralization.

Analysis and Characterization

The nanoparticles doped with metals (cobalt, nickel and
zinc), were washed from bacteria and isolated as a colloidal
solution with an iron concentration of about 0.5-1.5 g/L,
then dried at 60°C and powders were prepared for character-
ization by XRD, XPS and Mossbauer spectroscopy. Residual
concentrations of metals in water after precipitation and iso-
lation of the desired solid phases were evaluated by atomic
absorption spectrophotometer. Iron status was defined by
the data of Mdssbauer spectroscopy with source Co” (Cr)
(MC1104Em spectrometer). Morphological characteristics of
nanoparticles were evaluated on small-angle X-ray diffrac-
tometer S3-MICRO (Hecus, Austria) and multi-mode scanning
probe microscope Solver P47 (NT-MDT, Russia). Spectra of
electronic magnetic resonance were studied with X-range
spectrometer SE/X — 2544 with nitrogen attachment.

RESULTS AND DISCUSSION

Formation of hydroxides and iron oxides with magnetic
properties in aqueous media is well known as per Eqgs. 1,2
[4]. This phenomenon is used to purify industrial waste
waters from heavy metal ions by ferritizing [7]. Ferritizing is
carried out at pH of the medium 8-10 and temperature 60—
80°C for 15-30min duration. It was observed that the process
is highly sensitive to temperature, pH, Fe**/Fe’" ratio and
total iron concentration. An example of real variability of fer-
ritizing process in industrial waste water treatment is pre-
sented in Tables 1 and 2. Precipitation was most complete
with lead and copper (in 7 and 4 out of 10 experiments

Environmental Progress & Sustainable Energy (Vol.35, No.5) DOI 10.1002/ep



Table 2. Specific magnetization of sediment.

Sample No. 1 2

3 4 5 6 7 8 9

Specific magnetization [Gauss-cm®/g] 36.82 36.20

36.20

33.00 26.26 24.66 19.52 15.97 4.30

Table 3. CFE 2* design matrix and experimental results.

Factor T pH Fe*"/Fe3*

Denotation X: X3 X3 Results of Experiments

Units of measurement °C pH Relative units Residual concentration (mg/L)

Lower level (-) 60 8 0.50 Initial concentrations: Zn = 35, Mn = 160, Ni = 380, Fe o = 5000
Medium level (0) 65 9 0.75

Upper level (+) 70 10 1.00

Factors T pH Fe**/Fe’*

Experiments Coded values Zn" Zn"® Mn" Mn" Co™" Co” Fe™" |
1 - - - 0.10 n/d 23.0 n/d 5.70 n/d 94.0 n/d
2 + - - 0.05 0.03 15.2 n/d 1.95 n/d 24.6 n/d
3 -+ — 0.06 0.05 96.0 n/d 25.0 n/d 226 n/d
4 + + - 0.05 0.05 86.0 n/d 19.5 n/d 160 n/d
5 - - + 0.05 0.05 64.0 n/d 10.0 n/d 112 n/d
6 + - + 0.12 n/d 112 n/d 33.0 n/d 314 n/d
7 -+ + 0.03 0.03 4.16 n/d 0.02 n/d n/d n/d
8 + + + 0.05 0.03 32.0 n/d 21.0 n/d 360 n/d
9 0 0 0 0.05 n/d 15.0 n/d 1.80 n/d 11.6 n/d

Note: indices “ch” and “b” denote experiment versions in which iron (III) was used in the form of chemical reactant of ferric

sulfate and bacterially oxidized ferrous sulfate, respectively; n/d — not detected.

Table 4. Parameters of Mossbauer spectrum of iron hydrox-
ide powder obtained in the culture of P.argentinensis.

IS QS w A Position
0.388 0.49 0.36 0.43 Fel
0.385 0.81 0.31 0.32 Fe2
0.372 1.22 0.39 0.25 Fe3

Note: IS — isomer chemical shift relative a-Fe (£ 0.01 mm/s),
QS — quadrupole splitting (£0.02 mm/s); W — width of the
absorption line (£0.02 mm/s), A — fractional site occupancy
(£ 0.03).

respectively; residual concentration was below evaluation
threshold). The solid phase produced (crystalline sediment)
is magnetically susceptible (Table 2) and can be extracted by
magnetic separator. Measurements of specific magnetization
of sediments produced in treatment of industrial waste water
under above conditions are presented in Table 2.
Operational parameters of ferritizing were invariable in all
experiments. However, the quality of water treatment and
magnetic characteristics of the sediment were observed to
vary considerably. The process seems to be very sensitive to
the accuracy of maintaining operational parameters. Mean-
while, total content of iron and impurity metals in industrial
waste water varies. In some situations organic compounds
found in the water can have considerable impact [7]. To eval-
uate admissible variability of temperature, pH, ratio of
reduced and oxidized forms of iron and its total content, fac-
torial experiments were carried out. Factorial experiment
design matrix and the results (residual concentration of zinc,
manganese, cobalt and iron) are presented in Table 3.

Environmental Progress & Sustainable Energy (Vol.35, No.5) DOI 10.1002/ep
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Figure 1. AFM image of microbial suspension with synthe-
sized particles. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Quantitatively the effect of environment parameters [9] is
described by regression equation (Eq. 4),

Y:bo +b]X1 +b2X2 +b3X3 (4)

where Y is the residual concentration of metal; by, by, b,, b
are the regression coefficients.
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Figure 2. AFM image of biogenic nanoparticles deposited
on pyrographite (tapping mode image) from colloidal solu-
tion. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 3. Size distribution of nanoparticles of doped iron
hydroxide (solid line — Zn, dashed line — Co, dotted line—Ni).
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Figure 4. Typical X-ray powder diffraction pattern of un-
doped biogenic ferrihydrite. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. The room temperature Mossbauer spectrum (a)
and QS probability (b) of un-doped iron hydroxide, resulting
in the culture of bacteria P. argentinensis.
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Table 5. Parameters of spectrum of electronic magnetic reso-
nance of biogenic ferrihydrite doped with nickel and cobalt.

Width of resonance

Sample Hrez (mT) g-factor line (mT)

Fe + Ni 329.3 2.036 71
323.0 2.070 191

Fe + Co 320.5 2.090 92
270.0 2.480 369

For residual concentration of iron in the version of
experiments Fe™, Eq. 4 is modified as Eq. 5 is generated (in
coded variable values)

Y=161.3+65X;+36.9X,+46.9X; )

Iron precipitation in the center of design (11.6 — experiment
9, version Fe™ was considerably below the calculated val-
ues (by=161.3). This means that the degree of purification
and residual concentrations of metal ions in water consider-
ably and non-linearly de?end on precipitation conditions
(temperature, pH and Fe®"/Fe®" ratio). Another important
conclusion is that minimum residual concentrations of metal
ions (less than 0.1-0.2 mg/L) are attained in the case of fer-
rous sulfate oxidized by bacteria (variants with index “b” in>
Table 4). This indicates the higher efficiency of metal precipi-
tation with ferric iron sulfate produced by oxidation of its
divalent form by bacteria making the role of bacteria evident.
From the data of Table 3, identical conclusions can be made
for zinc, manganese and cobalt. To have a better idea about
dependence of metal precipitation on operating parameters
of the process, OCCD-design experiment was carried out
which shows high and complex dependence of metal precip-
itation on environment parameters. In each specific case, the
maximum effect can be achieved only under strictly defined
values of the said operating parameters. Moreover, significant
positive effect was obtained in variant with ferrous iron oxi-
dized by bacteria. According to results of electron micros-
copy, the precipitates obtained with Fe”™ were aggregates of
nanoparticles. The precipitates in this case are ferrites. Metal
ions precipitated more efficiently in the presence of unidenti-
fied factor of bacterial origin. Keeping this in view,

Environmental Progress & Sustainable Energy (Vol.35, No.5) DOI 10.1002/ep
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experiments were carried out to synthesize ultrafine iron par-
ticles in bacterial culture as template [10-13].

Initial conditions of processes of precipitation of metal
ions (ferritization method) [7] or chemical synthesis of nano-
particles by precipitation from solution precursors [11,12] dif-
fer on principle from the nanoparticle synthesis in bacterial
culture. In first variant, the initial concentration of metal ions
is maximal and in second variant one is minimal.

Different bacterial species were assumed to create essentially
different conditions for precipitation of iron and accompanying
metals. Originally, we synthesized biogenic nanoparticles of
iron hydroxide in microaerophilic culture of capsulated bacteria
Klebsiella oxytoca. In the present study, we used aerobic bacte-
ria cultures P. moorei, D. tsurubatensis, and halotolerant bacte-
ria P. argentinensis without capsules. In the culture of P.

\ 9=2,028

- p / AH=74mT

: \

(=)]

% “’M‘M ' 293K

o o™

= o 77K
g=2,2
AH=209 mT /

0 100 200 300 400 500 600
B.mT
Figure 6. Electron magnetic resonance spectra of un-doped

iron hydroxide. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

argentinensis, precipitation was carried out in the medium with
high ionic strength of the solution (80 g/L NaCl) where iron
nanoparticles are formed in the extracellular space as seen in
Figure 1. These particles were precipitated from the colloidal
solution on a pyrographite and visualised to have a spherical
shape (up to 100 nm and about 300 nm diameter), and an elon-
gated shape (about 40x80 and 60x160 nm). It should be noted
that in case of extracellular production of nanoparticle, centri-
fuge could be used for extraction and purification of nanopar-
ticles, but aggregation might happen as observed here too. To
avoid aggregation and improve dispersion, the nanoparticles
were doped with cobalt and visualised by scanning force
microscopy in tapping mode as shown in Figure 2. The sols

EMR Signal

r T ¥ T ¥ T T ¥ T
100 200 300 400 500 600
B.mT
Figure 7. Electron magnetic resonance spectra of doped and
un-doped iron hydroxides. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 8. Mechanistic representation of microbial synthesis of ferrihydrite magnetic nanoparticles from ferritized sediment.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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dispersed structure was analyzed also by small-angle X-ray scat-
tering. About 90% of the nanoparticles have a radius in the range
1-5 nm. Figure 3 shows size distribution of iron nanoparticles
doped with zinc (solid line, P. moorei), cobalt (dashed line, D.
tsurubatensis) and nickel (dotted line, P. moorei). Distribution
of nickel-doped nanoparticles somewhat shifted towards
smaller size relative to two other samples which practically coin-
cide. Comparing data in Figures 1-3, it can be said that observed
AFM particles are aggregates of nanoparticles which have a
much smaller size.

X-ray diffraction pattern obtained for samples without
introducing cobalt and nickel, are shown on Figure 4. As evi-
denced by two broad diffraction peaks in Figure 4 in the aer-
obic bacteria culture, 2-line ferrihydrite was formed. These
data complement the results of Mossbauer spectroscopy. The
Mossbauer spectrum of the sample of nanoparticles synthe-
sized in the culture of halophilic bacteria P. tsuribatensis is
shown in Figure 5a. Analysis of the probability distribution
of the quadrupole splitting (QS) (Figure Sb) indicates that
the iron in the structure of nanocrystals is in three nonequi-
valent positions (Fel, Fe2, Fe3), which are characterized by
the values of the QS 0.50, 0.82 and 1.13 mm/s respectively
(Table 4). The same type of iron states was observed in the
structure of the nanoparticles from cultures P. moorei and D.
tsurubatensis. The values of isomeric chemical shifts are typi-
cal of the ferric hydroxides in the range 0.322-0.388 mm/s
[14]. Four nonequivalent positions of iron were previously
found in nanocrystals from Klebsiella oxytoca culture.

To interpret forms of iron, it is necessary to carry out
additional investigations. Content and ratios of Fe, O and C,
and content of minor elements depend on purification effi-
ciency of nanoparticles under isolation them from culture lig-
uid. Analysis by electron magnetic resonance spectra (EMR)
in Figure 6 showed the material produced in cultures of aer-
obic bacteria exhibited superparamagnetic properties. As the
temperature drops, the resonance field (Hrez) decreases and
the line broadens which corresponds to magnetic moment.
The value of g-factor (2.028) corresponds to nanoparticles of
iron hydroxide.

Analysis of EMR spectrum of the doped ferrihydrite nano-
particles shows the amount of nickel and cobalt in the latter
is insignificant resulting in a shift of the resonance field and
in considerable broadening of the line (Figure 7). Doping
results in particles with pronounced magnetocrystalline ani-
sotropy in line with EMR parameters is presented in Table 5.
The modeling of experimental spectra was carried out with
help of two lines of Lorenz form that indicates definitely a
presence of magnetic anisotropy which is more significant in
the case of cobalt. One can assert that Ni** and Co** ions
are included in structure of biogenic ferrihydrite.

XPS was used to determine the content of elements, their
ratio and to specify the chemical state in the layer which had
thickness about one nanometer [15,16]. According to the data
of XPS, the ground state of iron biogenic nanoparticles was
ferrihydrite. Dominant elements on the surface of sample
were iron (12.5% at), oxygen (45.7% at) and carbon (33.8%
at) with traces of nitrogen, sodium and impurities like cal-
cium and chlorine. The O/Fe ratios in examined samples of
iron hydroxide were 2.38 and 1.89. For ferrihydrite with its
varying content, there were suggested a number of chemical
formulae—Fe 0014(OH), and  Feg,0g5(OH),,  [17,18],
5Fe,03-9H,0 [19] with the O/Fe ratios equal to 1.6, 1.94 and
2.4, accordingly. Carbon and oxygen in spectra can be in
hydrocarbon compounds (C—H group), hydroxyl (C—OH)
and carboxyl or carbonyl groups (COOH or C=0). A com-
parative representation of various works published else-
where is presented in Table 6, where in the major crux
emphasized is the application of microbes from mine sedi-
ments as the sole template for synthesis of ferrihydrite. The
mechanistic approach followed in this paper for producing

Environmental Progress & Sustainable Energy (Vol.35, No.5) DOI 10.1002/ep

the ferrihydrite super-paramagnetic nanoparticles from sedi-
ments is represented in Figure 8.

CONCLUSIONS

e Ferritization at pH 8-10 and 60-80°C for 15-30 min fol-
lowed by chemical precipitation of metal ions (Fe, Co,
Mn, Ni, Pb) at pH 7-10 and temperature 70-90°C resulted
in the formation of ultrafine particles of magnetite and
ferrite in 15-30 min.

e The temperature, pH, Fe**/Fe’" ratio and oxidation of
iron by bacteria exert an essential influence on the effi-
ciency of metal precipitation.

e It was shown that extracellular superparamagnetic par-
ticles of ferrihydrite and ferric hydroxide doped with Co,
Ni and Zn ions are generated in cultures of aerobic bacte-
ria (P. moorei, P. argentinensis and D. tsurubatensis) at
26-34°C, pH 6 in 60 h.

e The values of radii of biogenic ferrihydrite (about 90%)
are within the range 1- 5 nm. The aggregates of spherical
and elongated forms in liquid culture and colloid solu-
tions are about 40-60 nm, 90-120 nm and more large
ones about 300 nm in size.

e Analyses performed by Mossbauer spectroscopy, small-
angle X-ray scattering, X-ray diffraction and electron para-
magnetic resonance, showed that in all test cultures of
bacteria, relatively uniform superparamagnetic nanopar-
ticles of iron hydroxides are formed, and the production
process of nanoparticles is reproducible. In all samples,
the iron is in the ferric state. Particle size can vary
depending on process parameters culturing bacteria and
isolation of the nanoparticles.

e The biogenic ferrihydrite can serve as a potential adsorb-
ent for multi-metal effluents, which shall be depicted in
the later part of this study.
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