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In this work, the process of obtaining magnetite nanopowder Fe;O, by hydrogen reduction from
a-FeOOH hydroxide compound under isothermal conditions was studied. The a-FeOOH nano-
powder was prepared in advance by chemical precipitation from aqueous solutions of iron nitrate
Fe(NO3); (10 wt. %) and alkali NaOH (10 wt. %) at room temperature, pH = 11, under the condition
of continuous stirring. The hydrogen reduction process of a-FeOOH powder under isothermal condi-
tions was carried out in a tube furnace in the temperature range from 310 to 375 °C. The study of
the crystal structure and phase composition of the powder samples was performed by XRD phase
analysis. The specific surface area S of the samples was measured using BET method by low-
temperature nitrogen adsorption. The average particle size D of powders was calculated using the da-
ta of measuring the specific surface area S. The size and morphology characteristics of the particles
were investigated by scanning and transmission electron microscopy method. The calculation of
the kinetic parameters of the process of obtaining the Fe;0, nanopowder under isothermal conditions
was carried out using the Gray—Weddington model and the Arrhenius equation. It was found that
the reduction process of the a-FeOOH nanopowder begins to accelerate strongly in the temperature
range from 340 to 375 °C. The reduction rate constant at 375 °C is about 2 times that of the reduc-
tion at 310 °C. The value of the activation energy for the process of obtaining Fe;O4 nanopowder
under isothermal conditions was ~ 36 kJ/mol, which indicates a mixed mode of limiting the kinetics
of the process. It has been shown that the time-temperature regime of the reduction of the a-FeOOH
hydroxide compound with holding at 340 °C for 3 h makes it possible to obtain a nanosized magne-
tite powder Fe;O4 with high purity at an increased rate of the process. The obtained Fe;O4 nanopar-
ticles have a crystalline structure and generally have a polygonal or irregular shape, the size of which
ranges from 30-80 nm with an average value of 65 nm, each of them being connected to several
neighboring particles by isthmuses.

Keywords: kinetics, magnetite nanopowder, hydrogen reduction, isothermal conditions, reduc-
tion degree, rate constant, activation energy.

Introduction

Currently, magnetite Fe;O, nanopowders
(NP) have found wide application in various
fields of science, technology, and medicine [1-4].
Fe;04 nanoparticles (NPs) functionalized with
biomolecules can be used as materials for targeted
drug delivery in order to recognize or treat biolo-
gical systems. Due to their magnetic properties,
Fe;04 NPs are also often used in magnetic hyper-
thermia to destroy tumor cells, in magnetic reso-

nance imaging (MRI) as contrast agents, to create
actively antitoxic adsorbents in the field of nano-
toxicology. In addition, dispersion, non-toxicity,
and superparamagnetic properties make Fe;0,
NPs interesting for use in other fields, for exam-
ple, in the manufacture of effective catalysts, bio-
sensors, ferromagnetic liquids, as a feedstock for
the synthesis of Fe NP by reduction [2, 3, 5-13].
The production of metals and oxides NP, in-
cluding Fe;O4 NP, is carried out in various ways,
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most of which are characterized by a number of
disadvantages, such as high energy consumption,
reduced productivity, and environmentally un-
cleanness [5, 6, 9, 14]. Chemical-metallurgy
method, which includes the stage of hydrogen
reduction of oxygen-containing compounds, is
a highly efficient method from a technology and
economic point of view, because the method is
quite simple in equipment, environmentally
friendly and makes it possible to use industrial
waste as a raw material, to regulate the dimen-
sional characteristics of oxides and metals NPs in
the course of their production [6, 15-17].

A big disadvantage of chemical-metallurgy
method for producing oxides and metals NP is
low productivity due to the low speed of the re-
duction process under conditions of holding at
low temperatures. At that time, an excessive in-
crease in the reduction temperature is not recom-
mended because it leads to intensive processes of
aggregation and sintering of NPs, respectively, to
the formation of particles with a particle size out-
side the nanoscale range [13, 18].

Thus, the study of the kinetic characteristics
of synthesizing process of Fe;O4 NP in order
to find a way to accelerate it while guaranteeing
the required properties of the obtained products is
an important scientific-practical problem.

In this regard, the aim of this work is to
study the kinetics of synthesizing process of
Fe;04 NP by hydrogen reduction from a-FeOOH
NPs under isothermal conditions, as well as to
analyze the structural and dimensional properties
of the obtained magnetite nanoparticles.

Materials and methods

As materials for the preparation of Fe;0, NP
was used iron hydroxide (III) a-FeOOH NP, syn-
thesized by chemical precipitation from aqueous
solutions of iron nitrate Fe(NO3); (10 wt. %) and
alkali NaOH (10 wt. %) at room temperature,
pH=11, and continuous stirring. Getting iron
hydroxide proceeds by the reaction:

FCCNO3)3 +3NaOH =

=FeOOH| + 3 NaNO; + H,0. (1)

The pH was monitored with an “Expert-001”
pH meter; the measurement error was =0.03.
Using a Buchner funnel, the obtained a-FeOOH
precipitate was washed until the ions of the dis-
solved salt were completely washed off, which
was controlled by the pH of the solution over
the precipitate. Then the precipitate was dried
at 40 °C for 48 h, the thickness of the filling
of the hydroxide paste in the plates was no more

than 10 mm. The time-temperature regime of
drying was determined experimentally for
the complete removal of the precipitate of ad-
sorbed water molecules from the sample while
ensuring a high dispersion of a-FeOOH particles.
Thereafter, the dried a-FeOOH was milled using
a laboratory mill “Fritsch Pulverisette 2”. The ob-
tained a-FeOOH powder was analyzed for struc-
tural and dispersed properties and was used for
further research.

The study of the kinetics of the process of
obtaining Fe;O, NP was carried out in a tubular
furnace “SNOL 0.2/1250” in a hydrogen atmos-
phere at various temperatures. During the pro-
cess, the following reaction took place:

6 FeOOH + H, = 2 Fe;04 + 4 H,0. (2)

The hydrogen generator “CAM-1" was used
as a source of hydrogen; the relative humidity of
the obtained hydrogen did not exceed 1%. To pre-
vent the ignition of the resulting powders in air,
after reduction, their surface was passivated in
a stream of nitrogen taken from the dewar of
liquid nitrogen.

The calculation of the degree of conversion
(o) (u.fr.) (the ratio of the amount of the reagent
that entered the reaction to its initial amount) was
carried out according to the formula:
my—my,  6M, reoon  _

my  (3My,0 +Mo)

o=

=7.6.- 20"

3)
my
where my, is the initial weight of the sample, kg;

m, is the mass of the sample over time ¢, kg;
My, is the molar mass of water; M, is the mo-

lar mass of atomic oxygen.

The kinetics of synthesizing process of
Fe;0, NP by hydrogen reduction was studied
using the model of Gray—Weddington [19]. The use
of this model makes it possible to determine
the values of the rate constant by the formula:

k-t=1-(1-a)", (4)
where k is the rate constant, s '; ¢ is the reaction
time, s.

The calculation of the activation energy (£,)
(J/mol) was carried out according to the experi-
mental data obtained under isothermal conditions
using the integral form of the Arrhenius equation:

1nk=—£-1+1n/1, ®)]

R T
where A is a constant (pre-exponential factor);
T is temperature, K; R is gas constant, J/(mol-K).
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The phase composition of powder samples
was determined by XRD phase analysis on a dif-
fractometer “Difrey-401” (Russia) (Cr-K, radia-
tion) at room temperature. The size and shape of
the obtained nanoparticles were investigated on
scanning and transmission electron microscopes
“TESCAN VEGA 3B” (SEM) (Czech Republic)
and “LEO 912 AB OMEGA” (TEM) (Germany).

The specific surface area (S) (m’/kg) of
the samples was measured by the BET method
based on low-temperature nitrogen adsorption on
a “NOVA 1200¢” analyzer (USA). The average
particle size of the powders was calculated from
the measurement data of the S value using
the formula:

6
D= DR (6)
p-S
where p is the pycnometric density of the mate-
rial, kg/m’; D is average particle size, m.
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Results and discussion

The XRD and SEM results for the NP sam-
ple of the initial a-FeOOH are shown in Fig. 1.

The result of XRD (Fig. la) showed that
the initial sample is single-phase, containing only
the hydroxide o-FeOOH phase. Analysis of
the SEM image (Fig. 1b) revealed that a-FeOOH
NPs mainly have an acicular shape with a length
of up to 200 nm. The specific surface area S of
0-FeOOH NP is 39.5 m’/g, respectively, the ave-
rage size D of a-FeOOH NP is 44 nm.

In order to study the kinetic characteristics of
synthesizing process of Fe;O, NP under isothermal
conditions, the dependences of the degree of con-
version o on time ¢ were obtained at different tem-
peratures: 310, 325, 340, 355, 375 °C. These tem-
peratures are in the range of intensive course of
the reduction process, which was shown by the TG
data in the work [18]. In Fig. 2 shows the curves of
the dependence o(7) at different temperatures.

Fig. 1. XRD pattern (a) and SEM image (b) of the a-FeOOH NP sample
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Fig. 2. Dependence a(t) at different temperatures
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It can be seen that the reduction process of
a-FeOOH NP begins to accelerate strongly in
the temperature range from 340 to 375 °C.
At temperature 7 = 375 °C for 50 min of reduc-
tion, the value of o was 83%, which is approxi-
mately more than 1.5 times compared to the case
at 310 °C (for the same time).

The rate constant £ of synthesizing process
of Fe;O4 NP was calculated using the Gray—
Weddington equation (4). The result of calcula-
ting the values of k(7)) is presented in Table 1.

According to the data in the table, it can be
seen that the rate constant of reduction at 375 °C
is about 2 times higher than the value obtained in
the case of reduction at 310 °C.

To determine the activation energy E, of
synthesizing process of Fe;O, NP by hydrogen
reduction from a-FeOOH under isothermal con-
ditions, the graphs of the dependence of the loga-
rithm of the rate constant on the reciprocal tem-
perature were plotted (Fig. 3) according to
the Arrhenius equation (5).

The calculated E, value was ~ 36 kJ/mol.
Comparison of the obtained £, value with the li-
miting values in the literature [20], it can be
concluded that the synthesizing process of
Fe;04 NP by hydrogen reduction from a-FeOOH
proceeds in a mixed mode of kinetics limiting.
In this case, the rate of the general process
of obtaining Fe;04 NP is determined both by
the rate of its own chemical reaction and by
the rate of diffusion of reagents and reduction
products through the powder layers; according-
ly, an expedient way to accelerate the process
can be both an increase in temperature and
the elimination of diffusion layers by intensive
mixing.

The next part of the work presents the results
of study on the structural-dispersed characteris-
tics of the reduction product of a-FeOOH NP
at 340 °C, the holding time was 3 h (Fig. 4).
On the one hand, this temperature is in the range
of intensive acceleration of the process, and on
the other hand, it is not too high, which, without

Table 1
The result of calculation of the rate constant k at different temperatures
T yeducions °C 310 | 325 | 340 | 355 | 375
o, u.fr.
15 0.08 0.11 0.11 0.12 0.13
¢ min 25 0.26 0.29 0.36 0.38 0.43
’ 35 0.37 0.42 0.60 0.61 0.70
50 0.55 0.56 0.72 0.75 0.83
k10% s 0.6947 0.7669 1.1121 1.1745 1.4143
0.00154 0.0016 0.00166 0.00172
'88 T T 1 1/7-: K_]
A
9 |
y =-4347.1x - 2.124
92 1 R? = 0.9439
94 ¢
— %= 43471 A
E;=R-4347.1 = 36142 (J/mol)
96 L
Ink
Fig. 3. Calculation of the activation energy in coordinates
of the Arrhenius equation
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Fig. 4. XRD pattern (a) and TEM image (b) of the Fe304 NPs obtained by hydrogen reduction
from a-FeOOH NP at 340 °C, holding for 3 h

leading to intensive processes of aggregation and
sintering of the obtained magnetite NPs, makes it
possible to obtain a reduction product with
an increased quality. Nevertheless, in practice,
depending on the task, in order to accelerate
the reduction process while ensuring the required
properties of the obtained products, it is desirable
to vary the reduction temperature in the conside-
red range from 340 to 375 °C.

The XRD result (Fig. 4a) revealed that
the composition of the sample under study is
single-phase, consisting only of the Fe;O4 phase
with a cubic crystal lattice. The pronounced
peaks on the XRD diffraction pattern of the sam-
ple show the high crystalline nature of the ob-
tained magnetite particles. Analysis of the TEM
image (Fig. 4b) of the sample showed that Fe;O,
NPs mainly have a polygonal or irregular shape,
the size of which ranges from 30-80 nm, each of
them is connected to several neighboring parti-
cles by isthmuses. The measurement result S of
Fe;04 NPs is in good agreement with the result of
microscopic analysis, the S value is 18.3 m/g,
which corresponds to the average size of Fe;O,4
NPs D=65 nm. Thus, the selected time-
temperature regime for the reduction of the hyd-
roxide compound a-FeOOH makes it possible to
obtain nanosized crystalline magnetite powder
with high purity at an increased rate of the pro-
cess.

Conclusion

The kinetics of synthesizing process of Fe;O,
NP by hydrogen reduction from a-FeOOH under
isothermal conditions at temperatures from 310 to
375 °C were studied. It was found that the reduc-
tion process of a-FeOOH NP begins to accelerate
strongly in the temperature range from 340 to
375 °C. The reduction rate constant at 375 °C is
about 2 times that of the reduction at 310 °C.

The value of the activation energy of synthe-
sizing process of Fe;O, NP was ~ 36 klJ/mol,
which indicates a mixed mode of limiting the kinet-
ics of the process. In this case, the rate of the ge-
neral process is limited both by the rate of its own
chemical reaction and by the rate of diffusion of
reagents and reduction products through the layers
of powders, respectively, an expedient way to
accelerate the process is to increase the tempera-
ture or eliminate diffusion layers in the bulk of
the powder sample by intensive mixing.

It has been established that the time-tempe-
rature regime of reduction of a-FeOOH with
exposure at 340 °C for 3 h makes it possible to
obtain a nanosized crystalline magnetite powder
with high purity at an increased rate of the pro-
cess. The obtained Fe;O, NPs generally have
a polygonal or irregular shape, the size of which
ranges from 30-80 nm with an average value of
65 nm, and each of them is connected to several
neighboring particles by isthmuses.
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NONYYEHUE HAHOIMOPOLUKA MATHETUTA
BOAOOPOAHbIM BOCCTAHOBJIEHUEM r’MAPOKCUOHOIO
COEAMHEHUA a-FeOOH B UIBOTEPMUYECKUX YCITOBUAX

TueH Xuen HeyeH1, HeyeH BaH MuHb?, TaHz Bbem ®bioH2®,
TaHz CyaH 3bioH2®, Jle XoHz Kyan*

" FocydapcmeeHHbili mexHuyeckuli yHusepcumem um. Jle Kyii [JoHa, 2. XaHoll, BbemHanm,
2 TexHonoauyeckuti uHcmumym, 2. XaHou, BoemHam,

® HauuoHanbHbIt uccnedosamensckuil mexHomnoauyeckul yHusepcumem «MUCuUCy,

2. Mockea, Poccusi

* Poccuticko-BbemHamckuti mpornuyeckuti ueHmp, 2. XaHoli, BbemHam

B nanHOI#T paboTe mpoBeneHO M3yUYCHHE Mpoliecca MOTydIeHUs HaHomoponika Maraetura Fe;Oy
BOJIOPOJIHBIM BOCCTaHOBJICHHEM THAPOKCHIHOTO coeanHeHus o-FeOOH B n3oTepMmdeckux ycioBH-
ax. Haromopomok a-FeOOH 3apaHee moxydaiawm METOJOM XUMHYECKOTO OCAXKIACHUS W3 BOIHBIX
pactBopoB HuTpata xeneza Fe(NOs); (10 mac. %) u menoun NaOH (10 mac. %) npu KoMHaTHOU
Temneparype, pH = 11, npu ycioBun HenpepbIBHOTO nepeMernnBanus. [Iporecc BOgopoaHOTO BOC-
ctaHoBieHus nopoika a-FeOOH B n30TepMUYECKUX YCIOBHUAX IMPOBOAUIHN B TPyOUaTOi TIEYH B MH-
TepBajie Temmepatyp oT 310 mo 375 °C. HccienoBanue KpUCTALIMICCKOW CTPYKTYPHI U (ha30BOTO
cocraBa 00pa3lOB MOPOIIKOB BBIMOJHSUIA METOJOM PEHTIeHO(]Aa30BOro aHanu3a. YAEIbHYIO MO-
BEPXHOCTHh S 00pa3ioB u3Mepsiin MeroaoM bOT mo HU3KOoTeMmepaTypHOW aacopOuuu aszora.
Cpennuii pasmep gacTull D pacCYUTANIH 10 AaHHBIM M3MEPEHUS BEIWYHHBI YJENbHON MOBEPXHO-
ctu. PasMepHbIe XapaKTepUCTHKN ¥ MOP(OJIOTHIO YACTHII IIOPOIIKOB U3YYAIH METOJJOM CKaHUPYIO-
el ¥ MPOCBEYHMBAOIIECH AIEKTPOHHON MUKPOCKOITUH. PacdeT KWHETHYECKHX ITapaMeTpoB mpoIiecca
noiy4yeHruss HaHomopomka Fe;O4 B M30TEpMUYECKUX YCIOBHSAX MPOBOMMIA C IOMOIIBIO MOJCITH
I'pes — BegnmuartoHa u ypaBHeHHsI AppeHHyca. Y CTaHOBICHO, YTO MPOIECC BOCCTAHOBIICHHUS HAHO-
nopomka o-FeOOH HauuMHaeT cUIBHO YCKOpAThCS B MHTepBane TemmnepaTyp oT 340 go 375 °C.
KoncranTa ckopoctu Bocctanosnenus npu 375 °C npumMepHo B 2 pa3a Oosiblle, 4eM B ciIydae BOC-
cra”oBneHust npu 310 °C. BenuumHa 3HEpruuM akTUBAIMK IPOIECcca MOJYYCHUS HAHOMOPOIIKA
Fe;04 B H30TepMHUYCCKHX YCIOBUSAX COCTaBUIA ~ 36 KJ[/MOJIb, YTO TOBOPHUT O CMEIIAHHOM PEKHME
JUMHUTUPOBAHUA KMHETHKH mporecca. [loka3zaHO, 4TO BpEMEHHO-TEMIIEPATYPHBIH PEKUM BOCCTa-
HOBJICHHUS THIpOKcuaHOTO coeannenus o-FeOOH c¢ Beiaepxkoit mpu 340 °C B TeueHue 3 9 Mo3BO-
JISIET TOJYYUTh HAaHOPAa3MEPHBIN MOopomok Maruetuta Fe;O4 ¢ BBICOKOH YHCTOTON MPH MOBBIIEHHO
ckopoctH mporecca. [loryaennpie HaHO9acTUIEI Fe;04 001agaroT KpUCTaITIYECKOW CTPYKTYpOi U
B OCHOBHOM MMEIOT MHOTOYTOJBHYIO HJIH HETIPABIIBHYIO (opMy, UX pasmep cocraBisieT 30—80 HM
CO CpPeIHUM 3HaUYCHUEM 65 HM, MPH 3TOM KaXKOas M3 HUX COCIUHCHA C HECKOJIBKUMH COCETHUMHU
YacTUIAMH TIepeIeiKaMu.

Knrouegvle cnosa: xunemuka, HaHONOPOWOK MacHemumd, 6000POOHOE B0CCMAHOGNEHUE, U30-
mepmuyecKue yciogus, CHeneHb NPeepaujerus, KOHCIMAaHmMa CKOPOCMu, IHepeUus AKmueayuu.
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