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HIGHLIGHTS

» The effect of polymeric surfactants was studied on the growth of manganese ferrite nanoparticles.
» Nanoparticles were formed by attachment and growth of primary building blocks.

» Particle size was dependent to the kind of surfactant and the time and temperature of the reaction.
» Nanoparticles were collapsed after reaching a critical size.

» More collapses between primary building blocks were observed by using PEG1ggoo.
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The growth kinetics of manganese ferrite (MnFe,0,4) nanoparticles was studied by solvothermal reaction
of iron and manganese salts in ethylene glycol as a solvent. To explore the mechanism of the nanoparticle
formation and development, polyethylene glycol (PEG) with different molecular weights and polyvinyl
pyrrolidone (PVP) were used as polymeric surfactants to investigate their effects on the formation of
MnFe,0,4 nanoparticles. The size evolution and the size distribution not only dependent on the kind of
surfactant but also on the time and temperature of reaction process. In the presence of low molecular
weight PEG (PEGs00), nanoparticles with diameter of 180 nm and narrow size distribution could be pro-
duced at 160 °C during 12 h of reaction while the nanoparticles with average size of 330 nm were formed
by using PEG3qp at 200 °C and 48 h. Therefore, by increasing the temperature and the time of reaction, the
size of nanoparticles was increased and finally reached a critical size and then collapsed. When a large
molecular weight surfactant PEGigo00 Was used, the nanoparticles with average size of 230 nm were
formed at 180 °C and 60 h. In the case of PEG30o and PEGipo00 as lower and higher molecular weights,
the separation between building blocks occurred after 60 h and 48 h for 180 °C and 200 °C, respectively.
However, more collapses between primary building blocks were observed by using PEG;pg00. The nano-
particles were composed of small building blocks and exhibited a spherical mesocrystal structure which
was demonstrated from the TEM and scanning electron microscope (SEM) results. The investigation on
the growth mechanism of the nanoparticles indicated that the formation of manganese ferrite was fol-
lowed by the attachment and growth of primary building blocks and their Ostwald ripening process.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic nanoparticles have attracted great interests [1-6].
One of the most important groups of magnetic nanoparticles is fer-
rite which has a very high magnetization value at room tempera-
ture [7]. Manganese ferrite (MnFe,O4) as a superparamagnetic
nanoparticle has a very high magnetization capacity owing to its
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large magnetic spin magnitude [8]. It has been widely used in elec-
tronic [9,10], contrast-enhancement agents in MRI technology [11-
13] and recording media [14]. However, magnetic properties of the
nanoparticles and its application are strongly dependent on the
size, shape, morphology and crystallinity of the nanoparticles
[15-19]. Manganese ferrite nanoparticles with different sizes and
morphologies have been synthesized by different methods. Some
of these methods include ball milling [20], co-precipitation of
Mn?* and Fe3' in aqueous solution [21], reverse micelle [22,23],
thermal decomposition [24-27], and solvothermal method [19].
The last method offers many advantages over the others such as
its simplicity, high crystallinity of the products, capability to
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control the crystal growth and its adequacy for the preparation of
large quantities of samples [19].

Most of the works focus on the synthesis of ferrite nanoparticles
with sizes below 30 nm which is difficult to separate from solution
or control their movement in blood by using moderate magnetic
fields [28]. This limits their practical applications such as biosepara-
tion and targeted drug delivery. To overcome this problem, Li and
co-workers reported the synthesis of monodisperse MFe,0, ferrite
(M=Fe, Co, Mn, Ni, Zn, Cu) microspheres by a solvothermal reaction
through their partial reduction of the reagent by ethylene glycol
(EG) in the presence of NaAc and polyethylene glycol (PEG) [29].
The produced particles are composed of smaller building blocks
with superparamagnetic properties [30]. To control the morphol-
ogy, shape and size, it is necessary to study the kinetics of nucleation
and growth, and structure development of nanocrystals [31,32].

It has been reported that the growth of particles undergoes two
major stages, i.e., aggregation and coarsening [33]. This process
typically starts with nuclei formation followed by its growth. In a
heterogeneous solution, the coarsening process is driven by a de-
crease in surface energy. This process referred to as Ostwald ripen-
ing in which the growth of larger particles occurs at the expense of
less stable smaller particles. Aggregation is achieved by the combi-
nation of primary particles into large secondary particles. In the
oriented aggregation, primary crystallites combine to each other
to form secondary crystals which are new single crystals composed
of oriented subunits [33-36].

Recently, Niederberger and Coelfen [36] defined a “mesocrys-
tal” as a particle composed of primary units in crystallographic reg-
istry but without coherent, crystalline material linking them [37].
In such an object, solvent molecules and/or other species are lo-
cated in the spaces between the aligned crystallites.

The preparation of mesoscale nanoparticles occurs in several
steps. Initially, primary nanoparticles (building blocks) are formed
via a classical nucleation and crystal growth. Then, building blocks
undergo oriented self-assembly process [38,39]. Three types of
mesocrystal have been proposed [38]; M-I, the building blocks are
isolated and only “bridged” via organic substances, that is, the ori-
ginal mesocrystal defined by Colfen; M-II, the building blocks are
partly bridged by organic substances and partly by themselves;
M-III, the building blocks are only bridged by themselves.

Surface properties of primary nanoparticles are crucial for deter-
mination of final structure of secondary particles. It is suggested
that organic ligands with high binding affinities to primary nano-
particles can promote self-assembly by the adsorption of ligand in-
stead of themselves, type (I) [40]. In the absence of sufficiently
strong-surface protecting layers, it seems the primary nanoparticles
would always randomly aggregate into disordered solids.

In this work, we present the effect of organic additives like poly-
meric surfactants on the growth process, size and morphology of
manganese ferrite nanoparticles. The monodisperse manganese
ferrites were synthesized in the presence of polymeric surfactants
such as PEG with different molecular weights (PEG3q9, PEGggoo, and
PEG10000) and polyvinyl pyrrolidone (PVP4go00) with different
chemical structure. Our results show that the polymeric surfac-
tants have crucial effects on the control of structure and morphol-
ogy of the mesocrystal manganese ferrite nanoparticles. Based on
our knowledge, this is the first report about the effect of organic
additives on the growth process of magnetic nanoparticles.

2. Materials and methods
2.1. Material

Iron(IIl) chloride hexahydrate, manganese (II) acetate tetrahy-
drate, ethylene glycol anhydrous, sodium acetate anhydrous, and

PEG (PEGs300, PEGgoo0, and PEGggg0) Were purchased from Sigma-
Aldrich. MnCl,-4H,0, Iron (III) acetylacetonate, and PVP were pur-
chased from Fluka. Mili-Q water was used with a resistivity not
less than 18.2 MQ cm ™.

2.2. Preparation of MnFe;04

In the first experiment, the MnFe,04 nanoparticles were pre-
pared from modified Li et al. method [29]. Briefly, 0.25¢g
(2.5 mmol) of MnCl,-4H,0 and 0.67 g (5 mmol) of FeCl5-6H,0 were
dissolved in ethylene glycol (20 mL) to obtain a yellow clear solu-
tion. Then 1.8 g of sodium acetate and 0.5 g of different polymeric
surfactant (PEGgggo, PEG10000, PVP) were added under vigorous stir-
ring for 30 min at 80 °C to melt the surfactant. In the case of PEGsqo,
0.44 mL (0.5 g) of surfactant was added under vigorous stirring for
30 min at room temperature. After that, the prepared solution was
sealed in a Teflon-lined stainless-steel autoclave and maintained at
three different temperatures (160 °C, 180 °C, 200 °C) and different
time intervals, and then allowed to cool to room temperature. The
products were washed three times with ethanol and dried at 50 °C
for overnight.

The reactants with organic anions were also used to prepare the
MnFe,0,4 nanoparticles. Briefly, 0.306 g (2.5 mmol) of manganese
(1) acetate tetrahydrate and 0.88 g (5 mmol) of Iron (III) acetylace-
tonate were dissolved in ethylene glycol (20 mL) to obtain a clear
solution. Then 1.8 g of sodium acetate and 0.5 g of PEGgggp Were
added under vigorous stirring for 30 min at 80 °C to melt the sur-
factant. After that, the prepared solution was sealed in a Teflon-
lined stainless-steel autoclave and maintained at 200 °C in differ-
ent time intervals (4-20 h), and then allowed to cool to room tem-
perature. The products were washed three times with ethanol and
dried at 50 °C for overnight.

2.3. Characterization

The size and morphology of the obtained MnFe,0,4 nanoparti-
cles were characterized using a JEOL-1010 TEM operating at
100 kV of accelerate voltage. The TEM sample was prepared by dis-
persing nanoparticles in ethanol via ultrasound and dropped on the
copper grid before loading to the instrument. The SEM is carried
out by JSM 6300 (JEOL) with 5 kV of accelerate voltage. The speci-
men was treated with platinum coating prior to loading into SEM
instrument. The X-ray diffraction (XRD) was used to identify the
crystal structure and the average size of the nanoparticles. The
XRD was performed using Rigaku-Miniflex equipped with Co radi-
ation (4 =1.7902 A) in the wide range of Bragg’s angle (15-80°).
The average crystallite size was calculated by Debye-Sherrer‘s
equation [41]. To understand the adsorption mechanism of organic
additives (polymeric surfactants), the Fourier infrared (FTIR) mea-
surements were carried out on the pure surfactants and the syn-
thesized MnFe,04 nanoparticles in the presence of surfactants.
The FTIR of the samples were recorded using Nicolet 6700 in the
range of 400-4000 cm~! with ATR accessories. The thermogravi-
metric analysis (TGA) was performed for samples (~30 mg) with
a heating rate of 5 °C/min using a Mettler Toledo TGA thermogravi-
metric analyzer in N, atmosphere up to 800 °C.

3. Results and discussion

Manganese ferrites were obtained via co-precipitation of Mn(II)
and Fe(Ill) ions in solvothermal condition. The iron(Ill) and manga-
nese (II) with organic and inorganic anions were acted as precursors,
sodium acetate and alkaline agents as electrostatic stabilizer, and
ethylene glycol as high boiling point solvent (196-198 °C) and
reducing agent [42]. Different polymeric surfactants were used as
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organic additives for assembling the smaller building blocks to pro-
duce nanosphere. The nearly mono-dispersed nanoparticles were
obtained by using manganese (II) and iron (III) chloride salts.

3.1. Particle size and distribution

3.1.1. Precursor with organic anion

The sizes of nanoparticles prepared with precursors of iron and
manganese compounds containing organic anions were 50 and
80 nm at aging times of 4 and 8 h, respectively. By increasing the
time to 10 h, the structure was collapsed and the building blocks
were separated (Fig. S1). As it is shown in Fig. S1, the structure
and morphology of the particles formed by organic anion were
more disorder than particles formed by chloride as precursor’s an-
ion. The average size of magnetic nanoparticles was 185, 200 and
220 nm after 4, 8, and 12 h by chloride as anion. The main hypoth-
esis is that the organic anions play a role the same as co-surfactant
and prohibit the effective contact between particles and oriented
attachment at the interface of primary particles in the present of
polymeric surfactants. Furthermore, the growth of building blocks
via Ostwald ripening is prohibited. Therefore, the final size of
nanoparticles was smaller than the particles produced by mineral
anion and the structure was more disorder.

Two crucial points for these observations were proposed: (1)
bridging between building blocks occurs via polymeric surfactant
and organic anions which adsorbed on the surface of nanoparticles.
Both of sorbates should be unstable under hydrothermal conditions.
As desorption of adsorbed layer increases, the separation between
primary building blocks increases too. Therefore, bridging between
primary building blocks should be more unstable when using organ-
ic anions as precursors. For this reason, in the case of organic precur-
sors the structure of nanoparticles was collapsed after 10 h. (2) the
higher movement of primary nanoparticles can be obtained under
thermal conditions due to irreversible desorption of binder [31].

3.1.2. Precursor with inorganic anion

The particle size, size distribution, and nanoparticle structure
were determined by TEM analyses. For the manganese ferrites pre-
pared from chloride anions the following points can be discussed:

1. Fig. 1 shows the relationship between the average particle size
and the aging time under different temperatures (160, 180, and
200 °C) in the presence of PEG3gg or PEGggoo. Fig. 2 presents the
TEM images of manganese ferrite prepared in the presence of
PEG3go at different temperatures and constant aging time
(12 h). The structure and size distribution were more uniform
at lower temperatures and shorter aging times and the average
size was 180 nm at 160 °C.

2. At low temperature (160 °C) the particle size increases with
increasing the time. But, at higher temperatures, 180 and
200 °C, a collapse was observed in longer aging times. The time
for the collapse was shorter for the samples prepared at 200 °C
than 180 °C. These observations could be explained by the par-
tial removal of polymeric surfactants at higher temperatures
and longer aging times. Under these conditions the interaction
forces between building blocks are low and their kinetic ener-
gies are high, and therefore a collapse can be occurred easily.

3. At the same temperature, the average particle size of the mag-
netic nanoparticles obtained by PEGsge is higher than by
PEG19000- This is might be related to the lower molecular weight
of PEG with lower tendency to the building blocks than higher
molecular weight of PEG. Therefore, larger particles can be
obtained in the presence of PEG3p0. When organic molecules
show strong and high binding affinity to the surface of nanopar-
ticles, the nanoparticles are highly stabilized and further crystal
growth becomes harder. These organic molecules impose a ste-
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Fig. 1. TEM data for the size versus time at different temperatures.

ric effect at the interface of primary nanoparticles which hinder
the oriented attachments by preventing the effective particle-
particle contact and reduction of the Brownian motion. Also,
the presence of organic molecule at the surface of building
blocks can prevent the growth by Ostwald ripening process.

4. The nanoparticles were broken by increasing the temperature.
Fig. S2 illustrates the separation between primary building
blocks at 200 °C in 72 h for PEGgggo and PVP. In the case of
PVP, some of the nanoparticles were broken after 24 h at
200 °C and the TEM does not show a complete collapse like
PEGso00-

5. Some hollow sphere structures can be seen at 180 °C and 200 °C
when PEG was used as a surfactant (Fig. S3). However, in the
case of PVP, Fig. 3 shows the nanoparticles synthesized at
160 °C, 180 °C, 200 °C and clearly presented the hollow sphere
structure of magnetic nanoparticle in Fig. 3c. It is assumed that
the small vacancies trapped inside the particle can migrate and
formed a larger vacancy inside the particle. This situation can
occur faster at higher temperatures which the building blocks
have higher movements. Under these conditions, the small
vacancies with high surface energy changes to a large vacancy
with low surface energy. When the aging time is short and
the temperature is low the manganese ferrite has a solid core
(entirely dark) [43]. The TEM images confirm that the hollow
structure increased with increasing of the temperature (Fig. S4).

6. The temperature and the type of surfactant play a crucial role in
the induction time of the nanosphere formation. The induction
times at 160 °C, 180 °C, and 200 °C for PEG3q are about 12, 5,
and 2 h, respectively. Induction time is longer for the lower
temperature. The induction time is also changed with different
types of surfactants as illustrated in Table 1. It is confirmed that
the lower induction time can be observed for the manganese
ferrite obtained by using PEGsqo.

3.2. Kinetic growth study

The entire XRD diffraction peaks match well with the pattern of
cubic structure of MnFe,;04 (ICDD no.10-0319). According to the
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Fig. 2. TEM images of manganese ferrite using PEG3go at 12 h: (a) 200 °C, (c) 180 °C, and (e) 160 °C (scale: 500 nm) and histogram (b), (d), and (f) showing the particle size
distribution measured from (a), (c), and (e), respectively.

literature [28,30], the grain size of the nanoparticles can be ob- with increasing the time and temperature. Fig. 4 presents the XRD
tained based on the Debye-Scherrer formula. The XRD results patterns of the manganese ferrite nanoparticles prepared by
show that the size of building blocks of the nanoparticles increases PEGsgp at 200 °C under different aging times. The crystallinity
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Fig. 3. TEM images of nanoparticle with PVP as a surfactant: (a) 160 °C, 20 h; (b) 180 °C, 16 h; and (c) 200 °C, 16 h (scale: 500 nm).

Table 1
Estimated values by fitting the experimental data at each temperature.

Surfactant PEGs00 PEGe000

PEG10000

PVPa40000

t (°C) 160 180 200 160 180
Do (nm) 5 6 9 - 7
to (h) 10 4 2 12 8
ke (h~13) 4.88 5.25 6.52 3.71 4.75
n 291 2.60 3.10 2.52 2.87
Rsqr 0.98 0.99 0.98 0.99 0.99

200
13

5.50
3.32
0.99

160 180 200

12 5 3

2.75 4.35 4.92
2.75 2.60 2.52
0.99 0.98 0.98

160
11
12
3.58
2.82
0.99

180 200

4.43 4.72
2.62 2.97
0.98 0.98

was increased with the increase of aging time. At initial times (2 h),
small building blocks are exist in the matrix (Fig. S5) and the XRD
pattern shows less crystallinity and smaller size of primary build-
ing blocks. With increase of aging time, the small building blocks
disappear and the intensity of peaks increases drastically. This con-
firms the increase of crystallinity of the nanoparticles after aggre-
gation of primary building blocks.

It is obvious that the primary nanoparticles are produced by
attachment of molecule/ion on single crystal and then the primary
dispersed nanoparticles aggregate to each other by oriented
attachment mechanism to obtain a secondary structure. The
attachment of small building blocks on the surface of nanoparticles
occurred in initial aging times (Fig. S5 and Table 1). In comparison
with dispersed small nanoparticles, the aggregated structure is
well oriented and crystallized. After that the growth of secondary
nanoparticles followed by the Ostwald ripening mechanism. This
is confirmed by the XRD results through the increase of nanoparti-
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Fig. 4. XRD patterns of manganese ferrite using PEG3qo (200 °C).
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cle size and the SEM results for the growth of primary building
blocks with increasing aging time (Fig. S6). This mechanism is in
agreement with other research works [28,40].

To study the kinetics of the growth process, it is necessary to
determine the particle size of small nanopartilces as a function of
time in different temperatures. Three kinetic models have been
widely used to investigate the growth process of small building
blocks: oriented attachment, simultaneous oriented attachment
and coarsening or Ostwald ripening models which described by
the three following equations, respectively:

 Do(V2kit +1)
Dt *W (l)
D= Py @)
(D; — Do) = ke(t — to)'/" 3)

The growth kinetics of all investigated samples was fitted well
by the Ostwald ripening model (Eq. (3)). In this equation, D, and
Dy are the mean particle size at time t and t,, respectively and k.
is a constant at certain temperature and n is an exponent relevant
to the coarsening mechanism. For n = 2, the coarsening mechanism
is limited by precipitation/dissolution reaction at the particle ma-
trix interface. For n = 3, the coarsening kinetic is limited by the vol-
ume diffusion of ion in the matrix. When n =4, the coarsening
kinetic is limited by the diffusion along the matrix boundary [33].

Table 1 shows the fitting results for the Eq. (3). As it is shown,
the rate of growth was increased with decreasing the molecular
weight of PEG. It is assumed that the binding of PEG to the surface
of manganese ferrite is substantially stronger with higher molecu-
lar weight of PEG. To further investigate the growth mechanism,
the activation energies (E,) for the growth process were deter-
mined. This is carried out by the temperature dependence of k.
using the Arrhenius equation.

Eq

logk_—ﬁJer 4)
where E, is the apparent activation energy, Ag is the pre-exponential
factor, R is the universal gas constant, and T is the absolute temper-
ature. The activation energy was found as Eqpec300) = 11.84 kJ/mol,
Ea(PEGGOOO) =17.07 k]/mol, Ea(PEG]OOOO) =26.91 kj/mol, and Ea(,
PVP40000) = 12.46 I(J/mol

One of the important parameters for the growth of nanoparti-
cles is ripening growth of building blocks. It is assumed that the
strong capping agents cause to hinder the Ostwald ripening
growth. Therefore, the rate of Ostwald ripening is slower for PEG
with higher molecular weight. In the coarsening equation, when
n =3 the coarsening kinetics are limited by the volume diffusion
of ion in the matrix. According to Table 1, n is about 3 and there-
fore, the ion or atom diffusion in solid matrix interface is closely re-
lated to the growth process and this step hinders by the adsorbed
surface of nanoparticles using surfactant. It is revealed that the
activation energy depends on the molecular weight and chemical
structure of the surfactants. Desorption of PEG with higher molec-
ular weight from the surface of nanoparticles needs more energy
than PEGsqg. Therefore, it seems that PEGsqg is more desorbed from
the surface than the other surfactants.

3.3. Surface characterization and crystal growth

The FTIR and TGA analysis were carried out on different sam-
ples. These analyses can help to interpret the role of surfactant
as organic binder on the surface of primary building blocks and
their effects on the growth process.

3.3.1. Analysis of FTIR

Figs. 5, S7 and S8 show the FTIR spectrum of manganese ferrite
obtained in the presence of PEGsgo, PEG10000, PVP as surfactants
and some vibration results are summarizes in Table 2. According
to the results, there are red shifts (increased wavelength) for the
surfactants adsorbed on the nanoparticle surface due to their inter-
actions with surface of nanoparticle. After adsorption, most of the
peaks show blue shifts with increasing the time and temperature.
This observation confirms the weakening of the adsorbed surfac-
tants at higher thermal energy. More peaks disappeared with
increasing the time and temperature which is related to the
desorption of surfactants from the surface of nanoparticle at high
thermal conditions. These observations confirm the mechanism
of growth by desorption of surfactants from the surface of primary
nanoparticles to obtain secondary structures. In addition, the col-
lapse of nanoparticles at higher temperatures and longer times
can be interpreted by these observations too.

The FTIR results also confirm the presence of adsorbed water
molecule on the surface of nanoparticle at low temperature and
short aging time. In the case of adsorbed PVP on the manganese
ferrite, there are two peaks at 1570cm™' and a shoulder at
1670 cm™. It is suggested that the interaction between surface
of nanoparticle and PVP led to red shift of peak from 1670 cm™!
to 1570 cm™! which is related to C=0 stretching. A shoulder at
1670 cm™' can be attributed to some uncoordinated surfactants
on the surface of nanoparticle. At longer reaction time (160 °C-
72 h), a blue shift to 1650 cm~! was observed which is due to
weakening of the adsorbed surfactant. Two other new peaks were
appeared in the region 1050-1080 cm~! and 879 cm~! for PVP/
MnFe,0,4. These peaks could be assigned for C—0 bond originated
from EG.

The PEG molecules interact with MnFe,0, surface via its
C—0—C groups. The corresponding peak appears at 1100 cm™'
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Fig. 5. FTIR spectra of MnFe,04 using PEG3qo.



Table 2

IR characteristics of pure surfactants and final product, manganese ferrite (12 h, 160 °C).

Observed bands (cm™!)

Observed bands (cm™1)

Observed bands (cm™1)

PEG300”
3380
2890

Band assignment

Product

PVP

Band assignment

Product
3320

PEG10000
3520
2890

Band assignment

Product
3360

Adsorbed water
(VS, Vas)CH2

3320-3430
2870, 2950
1570

3430-3530

v O—H and absorbed water

(vs, vas)CHz

5 H,0

v O—H and adsorbed water

(vs, vas)CHy

5 H,0

2890, 2960

2870, 2930

1570
1430
1060
879
510

2870, 2930
1570

1430

1080

895

540

5 Hy0

v (=0

1570-1670 (sh)

1430
1220

1670
1430
1280

CH; bending

v (=0

1470, 1340

1280, 1100
957, 849

CH, bending

v (=0

1470, 1360
1100
940

CH; bending

v C—N

p CH; out of plane bending

v M—0

p CH; out of plane bending

v M—0
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v (=0

1050-1080

879
550

CH, out of plane bending

v M—0

rocking.

symmetric stretching, & = scissoring, p

2 The 10 h-160 °C, sh = shoulder, v,; = asymmetric stretching, vs

for pure PEG. Therefore, a shift can be seen from 1100 cm™! to
1080, and to 1060 cm™! for PEGsqo and PEGiggqo, respectively.
This observation confirms the stronger binding between surface
of manganese ferrite nanoparticle and PEGiggoo than PEGsqg
which confirms the slower growth rate of primary nanoparticles
in the presence of PEG;gggo. At 160 °C and 72 h, this peak shifted
to 1100 cm™ ..

3.3.2. Analysis of TGA

The TGA curves provide addition evidences about the interac-
tion of nanoparticles and surfactants. In this method the magnetic
nanoparticles are heated to 800 °C under N, and recorded the
changes in mass due to the loss of organic material from the syn-
thesized nanoparticles. Generally, the organic materials with
strong bond to the particles can be desorbed at higher tempera-
tures [44].

Figs. 6-8 and Table 3 show the TGA analysis of manganese fer-
rite nanoparticles under different preparation conditions. For all
samples, the total loss of mass decreased with increasing the
reaction time and temperature during the synthesis process. This
observation is in agreement with the results obtained for the
growth kinetic and FTIR analysis. The decomposition temperature
of all pure surfactants is in the vicinity of 350 °C. In all cases, the
initial weight loss is attributed to the loss of surface-adsorbed
water. In the case of PEGsq, three weight losses were observed
for the sample prepared at 10 h and 160 °C. The first loss (~6%)
is related to the loss of water from the surface of nanoparticles.
This loss was occurred between the room temperature and
250 °C. The second loss (~14%) was observed in the range of
250-310°C. The third loss was appeared between 540 °C and
800 °C. The TEM image (Fig. S5) shows a lot of primary building
blocks nanoparticles in the sample at the initial time of reaction.
This situation leads to loss a higher weight. After complete aggre-
gation of the building blocks at higher temperatures and longer
times, the amount of desorption significantly decreased. Some
researchers explained that the TGA behaviors are based on the
bi-layer adsorbed models on the particle surface [45,46], while
others claimed that the double-stepped TGA curve is due to two
different kinds of binding sites [47,48]. Based on experimental re-
sults, it seems that the TGA curves for our samples are in agree-
ment with the two different binding sites on the surface of the
nanoparticles. As presented in all TGA curves, the double-stepped
curve can be shown clearly in shorter times. Weight loss at the
second section is much higher than the third one. This means that
the concentration of adsorbing species with strong interaction is
much lower than the concentration with lower interaction. In
longer times, the third loss almost disappeared and the second
loss was reduced. It should be mentioned that in longer times
and higher temperatures, the chance of removal of adsorbed spe-
cies with strong interaction (third loss) is lower than the species
with lower interaction (second loss). But, the third loss is approx-
imately disappeared in shorter time which is due to its low
concentration.

According to Table 3, the sample synthesized at 160 °C for 12 h
with PEGqgggo acts similar to the sample obtained in 10 h and
160 °C with PEGsgo. An easier desorption of PEGsgo can be as-
sumed from the surface of nanoparticle than PEG;gggo. The total
weight losses for PEG3gg in 160 °C and aging time of 10 h and
12 h are 26% and 16%, respectively. For PEGigogo and PVP in
160 °C and 12 h, the weight losses are about 41% and 50%, respec-
tively. The high weight losses at the initial time of reaction con-
firm the presence of large amount of surfactants on the surface
of building blocks. In addition, the steric effect can be observed
more for the cases of PVP and PEG;gqo. In the presence of all sur-
factants, the weight loss reduced significantly after complete
aggregation of primary building blocks. TGA results indicated that
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Fig. 7. TGA results for the weight loss as a function of temperature for MnFe,04
nanoparticles with PEG3q in different temperature.

the adsorbed polymeric surfactants act as organic binder to assem-
bly of primary building blocks. Also, less affinity of organic binder
to the surface of primary building blocks led to their effective con-
tact and production of aggregated nanoparticles in shorter aging
time and temperature with narrower size distribution.

4. Conclusion

The growth of MnFe,04 mesocrystal nanoparticles was studied
by PVP and PEG with different molecular weights (PEG3qg, PE6¢o0,
and PEGqgopo). Parameters such as induction time, stability of

Table 3

Temperature (°C)

Fig. 8. The weight loss as a function of temperature (TGA) for MnFe,04 nanopar-
ticles with different surfactants (200 °C).

nanoparticles, size distribution, and uniformity of the particles
were affected by different polymeric surfactants. At low tempera-
ture (160 °C) the particle size increased with increasing the aging
time. However, a collapse was observed at higher temperatures
(180°C and 200 °C). The time for the collapse was shorter at
200 °C than 180 °C. Under some conditions the hollow sphere
structures were observed clearly for the nanoparticles obtained
with PVP. The TEM images confirm more hollow spheres with
increasing the temperature. The final particle size was also in-
creased by using the low molecular weight surfactant. The experi-
mental data was fitted to the coarsening model and n was about 3
which is consistent with the volume diffusion-limited coarsening.

Results and analysis based on TGA curves for manganese ferrite nanoparticle.

Sample condition Second weight loss (%)

Third weight loss (%) Total mass loss + adsorbed water

12 h-160 °C-PVP 31 5 50
10 h-160 °C-PEGs0 19 3 26
12 h-160 °C-PEGs09 12 1.7 16
12 h-160 °C-PEG 10000 28 4 41
72 h-160 °C-PVP 6 2 11
72 h-160 °C-PEG300 10 1 13.5
72 h-160 °C-PEG 10000 10 1 135
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It is suggested that the surface adsorption is a key point for the
control of the growth process. The FTIR confirms that the binding
of adsorbed surfactants on the surface of nanoparticles is weak-
ened under the thermal conditions. The TGA analysis mainly
showed a two-step loss at the two different ranges of temperature.
By increasing the time and temperature of the process, the amount
of loss was reduced.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2012.08.031.
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