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Formation characteristics of Fe;0, magnetic
particles precipitated from aqueous solutions
and their sorption properties
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Effect of temperature and iron concentration in solution on the phase composition,
particle size, and magnetization was studied. It is shown that amount of the magnetite
phase increases with the temperature increase. The magnetization slightly decreases with
increase in the initial iron concentration. It is found that, regardless of the deposition
conditions, spherical particles are formed, the average size of which varies within 7 to
15 nm. Comparison between the for removal efficiency and sorption capacity of the
particles with the magnetite and hematite phase for cobalt was carried out. The sorption
capacity of the particles is essentially independent of the phase composition and is about
18 mg/g for cobalt. For preparation of sorption material based on Fe;O, magnetic parti-
cles, it is recommended to carry out the precipitation at the temperature of not lower than
80°C and the concentration of iron in solution of 0.15 to 0.3 M. The resulting particles
comprise not less than 90 wt. % of magnetite phase and are characterized by magnetiza-
tion of 65 to 70 A-m?/kg.

Keywords: nanoparticles, Fe;0,, magnetization, sorption.

Wsyueno BamsaHMe TeMIlepaTypbl M KOHIEHTPAIIMH ’Kejes3a B pacTBope Ha (hasoBBII CO-
CTaB, pPasMep YACTUI[ M UX HAMArHMYEHHOCTh. IIOKasaHO, UTO UeM BBIIIE TEMIEPATYpPa, TeM
Oouibltie comepskanre (asel MarHeruTa B obpasime. C pocTOM MCXOIHOU KOHIEHTPAIIUU KeJe-
3a B PACTBOPE HAMArHUYEHHOCTH HESHAYMUTEJIbLHO YMEHBIIAETCS. ¥ CTAHOBJIEHO, UTO HE3ABUCHU-
MO OT YCJOBHH ocakaeHnA GopMUPYOTCH cheprueCcKre YaCTHUIB, CPeIHUIT pasMep KOTOPBIX
Bapbupyerca B mnpegenax 7 mo 15 um. IIpoeemeno cpaBHenue »>(h¢GeKTUBHOCTH U3BJIEUEHUSI U
COPOIIMOHHOM €MKOCTH II0 K00OaJabTy A dyacTur ¢ daszoil marderurta u remarura. CopoiuoH-
Has eMKOCTDb YACTHUI] IPAKTHUECKU He 3aBUCHUT OT (PA3OBOTO COCTABA U COCTABJSET 10 KOOAJb-
Ty mopsaaxa 18 wmr/r. aa moaydeHumsi COPOIMOHHOTO MATEPHAJa HA OCHOBE MATHUTHBIX
uvacrun Fe;O, pexomenmosano mposejeHVe OCaskIeHHA NP Temieparype He Huke 80°C m
KOHIeHTpanuu Kejesa B pacrsope 0.15-0.3 M. IlonyuyeHHBIE YACTHIILI COLEPKAT HE MeHee
90 mac. % ¢asbl MACHETHTA U XApaKTePUBYIOTCH HAMAIHUYEHHOCThIO 65—T70 A-m2/kr.

Functional materials, 22, 4, 2015 475



A.M.Odnovolova et al. / Formation characteristics of ...

Oco6imEeocti dopmysanmns marmitaux gacrox Fe,0, mpum ocamxennmi 3 BogHEMX PpO3-
9HHIB Ta IX copOuiiini Baacturocti. O.M.Odrnosonrosa, [[.C.Coppornos, A.M.Ilysan, B.M.Baymep,
K.I0.Bpunvosa, I1.B.Mameiiuenrxo, C.M Jdecenrxo, O.M.Boskx, K.O.Mo3ynv.

Hocaigkeno BILIUB TeMIlepaTypu Ta KOHIeHTpaIii ¢pepymy y posunHni Ha (asoBuit ckaam,
po3Mip yacTMHOK Ta HaMmaruiuenicth. Ilokaszamo, 1[0 UMM BUINlA TEeMIIepaTypa, TUM OinbIre
BMicT pasu MarmiTuty y spaskry. 3i 30isblreHHAM BUXigHOI KoHIleHTpatii ¢Gepymy y posumHi
HAMATHIYeHICTh He3HAUHOIO MipOI0 3MEHITYeThCA. BUABIEHO, 110 HE3aJMeKHO BiJi YMOB ocaj-
JKeHHA (QopMYIOThes cepruuHi HacTUHKM cepefHIiN pos3Mip AKMX KOJMBAETHCA y MeyKaxX Bif
7 mo 15 um. IIpoBeseno mopiBHAHHA epeKTUBHOCTI BUJAYUYEHHS Ta CcOpPOIifiHoi eMHOCTI KO-
6aJbpTy AJA 4YacTHUHOK 3 (asoio MarmiTuty Ta remarury. CopOiifiHa eMHIiCTb YaCTHHOK
MailiKe He 3aJeKUTH BiAg (paszoBoro cKJIaxy i cTaHOBUTEL Aid Kobaasty 18 mr/r. Ona omep-
MaHHA copbuiifHoro marepiany Ha ocHoBi MarmiTEHMX wactuHOK FezO, sampomonoBamo mpo-
BEeHHA OCAMKEHHA 34 TeMIepaTypu He HmKue Hisk 80°C, Ta KoHmenTparii ¢epymy y
posuuni 0,15-0,3 M. Ozep:ani yacTUHKY MicTATL He Menrr, Hix 90 mac. % Marmetury, Ta
XapAKTePUBYIOTLCA HaMarHiuenicTio 65—70 A-m2/Kr.

1. Introduction

Magnetic particles are considered as
promising material for water purification
from heavy metal ions and radioactive nu-
clides. They have an advantage in compari-
son with of other sorbents because they can
be removed by applying of magnetic field to
facilitate isolation, separation and reproc-
essing in the purification technology
[1].Their magnetic properties depend on dif-
ferent factors such as chemical composition,
particle size and shape, structure and ex-
tent of its deformation, ete., allowing to
control magnetic properties of the particles
by varying preparation conditions [2]. Gen-
erally, Fe;0, is used as magnetic material
because of simplicity of the synthesis and
high magnetic characteristics as compared
to other iron oxides. In addition, it has
good sorption properties. In particular,
Fe;O, particles efficiently (more than
95 %) remove copper, nickel and cadmium
from solutions with pH above 7, as well as
Cr(Vl) at pH 2—-4 [3]. The sorption capacity
of the particles at pH 2.5 for lead and
CrO42 is 29 mg/g [4] and 180 mg/g [5],
respectively. Modified magnetic particles
(Fe304/NiO and Fe;0,/MnQO,) have the sorp-
tion capacity for As(V) of 117.6 mg/g [6]
and 69 mg/g [7], respectively.

A principal method of Fe;O, prepara-
tion is precipitation from aqueous solutions
of Fe2* and Fe3* salts by aqueous ammonia
solution. The method is simple and produc-
tive. However, when precipitated from
aqueous solutions, Fe;O0, particles demon-
strate changes in magnetization from 5 to
100 A-m2/kg. Reasons for the magnetiza-
tion changes of the particles in such wide
ranges have not been revealed despite of
numerous publications on its synthesis and
investigation of the properties [8]. The mag-
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netization changes of the particles were
suggested to associate with changes in their
morphological characteristics. For example,
it was found that during investigation of
magnetic particles, prepared by oxidation
FeCl, solution at 134°C and 2 atm for 3 h,
their magnetization varies within 53.3 to
97.4 Am2/kg and depends on the particles
size [9]. The particle magnetization de-
creases with the size decrease. However,
magnetic properties of the particles can be
greatly influenced by the phase composi-
tion, which in turns can be influenced by
the synthesis conditions.

It is necessary to consider not only sorp-
tion properties but also magnetic properties
during development of the sorption material
based on the magnetic particles. Thus, de-
termination of the factors influenced on the
magnetization changes of Fe;O, particles,
when precipitated from water solutions, is a
relevant objective for the development of
the efficient magnetic sorption materials.

Accordingly, the aim of the present
study is to determine factors influenced on
the magnetization of Fe;0, particles when
precipitated from water solutions, as well as
to compare between sorption properties of
magnetic Fe;0, and nonmagnetic Fe,Oj
particles.

2. Experimental

2.1. Preparation of Fe304 particles

For synthesis 40 % aqueous solution am-
monia, FeCl3-6H,0, FeS0,4-7H,O (Reachim
company) were used. Purification grade of
all reagents was chemically pure. All solu-
tions were prepared using distilled water.

Precipitation of Fe;0,4 was carried out as
follows: required amounts of FeCl;-6H,0O
and FeSO,-7H,0 (in the ratio c(Fe3*):c(Fe?*)
= 2:1) were weighted and dissolved in dis-
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tilled water. Total content of iron was in
the range of 0.15 to 1 M. Resulting mixture
was placed in a thermostat and kept until
the required temperature (15, 20, 40, 60
and 90°C) was reached. Then the aqueous
ammonia solution was added until pH
reached 9 and the resulting solution was
stirred for 80 min. Then the precipitate was
separated by centrifugation, washed with
distilled water until the odor of ammonia
was absent, dried in the air at room tem-
perature for 24 h.

2.2. Preparation of Fe,Oj particles

Fe,O5 particles were prepared as follows:
aqueous ammonia solution was added to
100 ml of 0.1 M FeCl; solution until pH
reached 11 and the resulting solution was
stirred using a magnetic stir bar for
15 min. The resulting precipitate was fil-
tered, washed several times with distilled
water, and dried at the room temperature
for 24 h, and then it was calcined at 450°C
for 1 h to give o0-Fe,O3 (hematite). BET
surface area of the particles was 150 m2/g.

2.3. Sorption properties

Sorption was carried out using model so-
lutions containing only cobalt salt at pH 6.5
and in concentration range of 10 to
250 mg/l. Standard cobalt solution with
concentration 1 mg/cm3 (State standard
sample of Ukraine No. 022.78-98) was used.
The model solution (50 mL) was poured in
100 mL beaker and pH was adjusted by add-
ing nitric acid or aqueous ammonia to pre-
determined value 6.5. Then 0.1 g of the sor-
bent was added and the solution was held
with stirring for 40 min. In the course of
sorption the pH was measured every 10 min
and in the case of deviation greater than
0.1 units of pH the suitable adjustment to
the setpoint was carried out. After sorption
the sorbent was filtered and the metals con-
tent in the filtrate was found by atomic
emission spectrometry with inductively cou-
pled plasma.

24. Equipment

X-ray diffraction analysis of the samples
was performed on powder diffractometer
Siemens D500 in copper radiation with a
graphite monochromator in the secondary
beam. Full height X-ray patterns were
measured at angles of 10 < 20 < 110° with a
step of 0.02° and 10M s integration time at
each point. The value of pH was measured
by pH-meter millivoltmeter pH-150
equipped with a glass electrode ECL-43-11
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Fig. 1. X-ray patterns of particles, obtained
at 15°C (a) and 20°C (b) (total iron concentra-
tion in the solution is 1 M) and 90°C (c)
(a total iron concentration in the solution is
0.15 M).

and silver chloride reference electrode
EVL1IMZ. Magnetization was measured
using a laboratory-scale pendulum magne-
tometer at 300 K in the fields significantly
higher than effective magnetic anisotropy
field [10] (up to 1300 kA/m). The magne-
tometer was calibrated using electrolytic
nickel. Compacted magnetite powder (pack-
ing factor p ~ 0.4) in amount of 15 to
20 mg was placed in a quartz capsule fol-
lowed by the particle fixation using glue
BF-2. All magnetization curves were re-
corded using the powder that hadn’t been
exposed to magnetic field. Investigation of
morphology of the resulting powders sur-
face was performed using microscope EM-
125 (Selmi, Ukraine). The accelerating volt-
age of electrons was 125 kV, measurements
were done in the light-field mode, images
were recorded by CCD matrix. For prepara-
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Fig. 2. TEM images of Fe;O, particles obtained from iron chloride and sulphate solutions (in the
ratio c(Fe®*):c(Fe?*) = 2:1) at pH 8.0 to 9.0: a — T = 15°C and ¢(Fe) = 0.15 M; b — T = 15°C and
c(Fe)=0.83 M; ¢c — T=15°Cand ¢(Fe) =1 M; d — T = 60°C and ¢(Fe) = 0.15 M; e — T = 60°C and

c(Fe)=0.83 M; f — T = 60°C and c(Fe) =1 M.

tion of the samples for electron microscopy
measurements, suspension of the powders
under investigation in water was spread on
thin carbon films. Determination of metal
concentrations before and after adsorption
was performed by the atomic emission spec-
trometer with inductively coupled plasma
TRACE SCAN Advantage (company Thermo
Jarrell Ash, USA). The specific surface area
was determined by thermal desorption of
argon ( mixture of 10 % argon in helium)
with chromatographic detection, alumina
samples with known surface area (4.2 and
52 m2/g) served as reference.

3. Results and discussion

3.1. Preparation of magnetic particles

Figure 1 shows X-ray patterns of the
synthesized powders. The samples prepared
at 15°C and iron concentration of 1 M in
solution are amorphous (Fig. la). Decrease
of the iron concentration at precipitation
temperature of 15°C does not lead to forma-
tion of crystalline precipitate. The crystal-
line precipitates are formed at 20°C, how-
ever, magnetite is not precipitated from the
solutions with the iron concentration of
1 M (Fig. 1b). Formation of the pure mag-
netite is observed at 90°C and the iron con-
centration of 0.15 M in the solution (Fig.
lc). The X-ray patterns of the samples syn-
thesized at 20 to 90°C reveal reflexes corre-
sponding to magnetite phase (Fe3z0,),
maghemite phase (y-Fe;03) and goethite
phase (a-FeOOH) in different proportions.
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Fig. 3. Magnetization of Fe;O, samples ob-
tained at the precipitation temperature and
concentration: 1 — 15°C and 1 M; 2 — 15°C
and 0.15 M; 8 — 60°C and 1 M; 4 — 60°C
and 0.8 M; 56 — 60°C and 0.15 M.

Table describes quantitative calculation of
the phase content according to the Rietveld
method. According to the obtained results,
content of the magnetite phase significantly
depends on precipitation temperature. The
content of the magnetite phase grows with
the temperature increasing. The initial con-
centration of iron ions in the solution also
influences. The lower iron concentration is
in the solution, the higher content of mag-
netite phase is in the sample. For example,
the samples synthesized at 90°C in 0.15 M
iron solutions include 100 % of the magnet-
ite phase. The samples synthesized at the
temperatures lower than 15°C consist of X-
ray amorphous precipitates.

Functional materials, 22, 4, 2015
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Table. Terms of Fe;O, particle deposition

s/n Synthesis conditions Average Compound Composition®, | Average
] . particle wt. % (st. particle
Total ron Deposition diameter, deviation.) |size®, nm
concenlzc/fatlon, temperature, °C nm
1 0.15 15 9.5 amorphous - -
2 0.3 15 9.5 amorphous - -
3 1 15 7.0 amorphous - -
4 0.15 20 y-Fe,05(Maghemite) 7.36 (0.78) 9.9
Fe,O,-Magnetite 85.87 (3.98) 10.8
a-FeOOH(Goethite) 6.77 (0.44) 9.6
5 1 20 o-FeOOH(Goethite) 100 3.8
6 0.15 40 y-Fe,05(Maghemite) | 8.08 (0.05) 8.4
Fe;0,-Magnetite 91.92 (0.79) 10
7 0.15 60 14.6 y-Fe,05(Maghemite) 7.29 (0.04) 10.4
Fe,O,-Magnetite 92.71 (0.79) 10.2
8 1 60 10.3 y-Fe, 0,4 13.3 7.4
Fe;0,-Magnetite 86.7 8.1
9 0.15 90 Fe;0,-Magnetite 100 9.5
10 1 90 y-Fe,05(Maghemite) 4.038 (0.52) 7.2
Fe,O,-Magnetite 82.03 (2.14) 7.6
0-FeOOH(Goethite) 13.93 (0.49) 9.4

* — calculated by the Rietveld method.

Figure 2 shows TEM images of the syn-
thesized particles. Spherical particles with a
mean size of about 10 nm are formed at
15°C and the iron concentration of 0.15 M
(Fig. 2a). Increase in the total iron concen-
tration up to 0.3 M (Fig. 2b) does not result
in significant changes in the particle size.
For the powders obtained from 1 M iron
solution (Fig. 2¢), the mean particle size is
slightly reduced to 7 nm. Increase in the
precipitation temperature results in the par-
ticle enlargement. For example, the parti-
cles with the mean size of 15.2 nm are
formed in 0.15 to 0.3 M in solutions (Fig.
2d, e), and the particles with the mean size
10.5 nm are formed in 1 M solution. For
the particles obtained by simultaneous pre-
cipitation from solutions of Fe(lll) and Fe(ll)
(in the ratio c(Fe3*):c(Fe2*) = 2:1) and in
the precipitation temperature range of 15—
90°C, the value of BET surface area is 120—
130 m2/g. Thus, the value of BET surface
area (S,,,) only slightly depends on the iron
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ion concentration in the reaction mixture
and synthesis temperature.

3.2. Magnetization of Fe30,4 particles

Figure 3 shows results of magnetization
measurements. It can be seen from Fig. 3
that unsaturability of the specific magneti-
zation is observed. It indicates, along with
reduced values of the magnetization in the
maximum field compared to macrosample
[11], considerable contribution of the sur-
face layer with beveled magnetic structure
and correspondingly small particle size (d <
100 nm) [12]. The samples obtained at 15°C
are characterized by very low wvalues of
magnetization of no more than 5 A-m?2/kg
(Fig. 3a, b). The magnetization of the sam-
ples obtained at 60°C is about 70 A-m2/kg
(Fig. 3¢, d), slightly increasing with the de-
crease of the initial iron concentration in
the solution. It should be noticed that the
higher content of the magnetite magnetic
phase is in the sample, the larger value of
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Fig. 4. Influence of pH on cobalt removal ef-

ficiency using hematite particles (1) and mag-
netite particles (2).

the magnetization it has. In addition, the
particles with the larger sizes have the
large magnetization values. Thus, the mag-
netization of the particles depends not only
on the particle size but also on their phase
composition.

3.3. Sorption properties of the particles

In order to compare properties of the
magnetic and nonmagnetic particles, test
subjects were chosen as follows: the parti-
cles obtained at 90°C from 0.15 M iron so-
lution (100 % magnetite content) and the
hematite particles obtained after calcination
at 450°C for 4 h. Cobalt was used as sor-
bate. Cobalt has radioactive isotope Co%0
(activity of 1 g is 41.8 TBq, half-life is
5.2 years), which is used in the manufac-
ture of gamma radiation sources with ener-
gies of about 1.3 MeV. However, when en-
tering to the natural objects, this element
constitutes the high danger.

Figure 4 illustrates a plot of cobalt re-
moval efficiency versus pH for the different
particles. Degree of cobalt removal increases
with pH increase in the both cases. However,
use of Fe,Oj particles as sorbents in acidic
medium allows achieving higher degrees of
cobalt removal compared to FezO, particles.
The maximum removal is observed at pH 9
for both Fe,O; and Fe;O, that is associated
with formation of insoluble Co(OH),.

In order to determine sorption capacity,
sorption isotherms were plotted for cobalt
ions (Fig. 5) and different parts of the iso-
therms were fitted by the Langmuir equa-
tion. The isotherms are of S-type. This type
of the isotherms indicates heterogeneity of
the sorbent surface. Attainment of the pla-
teau indicates the monolayer formation. For
the cobalt concentration in solution of more
than 200 mg/l, the excessive adsorption as-
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Fig. 5. Sorption isotherms of cobalt on the
nanoparticles: a-Fe,0; — (1) and Fe;O, — (2).

sociates with another more complicated
mechanism [18]. The sorption capacity of
o-Fe,03 particles for cobalt is 18.7 mg/g
(R2 =94.64 %), and the sorption capacity
of Fez0, is 17.3 mg/g (R2=192.80 %). As
it follows from the obtained results, the
value of the sorption capacity is practically
independent of the iron oxide phase.

4. Conclusions

Influence of precipitation conditions
(temperature, iron concentration in the so-
lution) on the phase composition, the parti-
cle size and their magnetization was studied.
Removal efficiency and sorption capacity for
cobalt were compared between the magnetite
and hematite phases. Formation of the mag-
netite phase was found to be significantly
affected by the precipitation temperature.
The magnetite phase content in the sample
increases with the temperature increase. Car-
rying out synthesis at 90°C in 0.15 M iron
solutions promote formation of the powder
with 100 % (by weight) magnetite phase con-
tent (Fe30,4) and characterized by the mag-
netization of 70 A-m2/kg. The magnetization
slightly decreases with increase in the initial
iron concentration in the solution.

Regardless of the precipitation condi-
tions, spherical particles are formed with
the mean size of 7 to 15 nm. The precipita-
tion temperature increase and iron concen-
tration decrease promotes formation of the
powder with larger particles characterized
by the higher magnetization values.

The sorption capacity is practically inde-
pendent of the phase content and is about
18 mg/g for cobalt.

It should be recommended for prepara-
tion of Fe;0, based sorption material, car-
rying out the precipitation at temperature
of at least 80°C and the iron concentration

Functional materials, 22, 4, 2015
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in the solution of 0.15 to 0.8 M to obtain 6.
particles with the maximum magnetite 7.
phase content (more than 90 % by weight).

Shouwei Zhang, RSC Adv., 3, 2754 (2013).

Shitong Yang, Appl. Mater. Interfaces, 4, 6891
(2012).

8. D.A.Baranov, S.P.Gubin, Radioelectronics.
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