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Abstract

Fabrication of magnetic nanocomposites containing iron oxide nanoparticles formed in situ
within a phosphorus-containing polymer matrix as well as its structural characterization and
its thermal degradation is reported here. Comparative structural studies of the parent polymer
and nanocomposites were performed using FTIR spectroscopy, X-ray diffraction, Atomic

Force Microscopy. The results confirmed the presence of dispersed iron oxides magnetic



nanoparticles in the polymer matrix. The formed composite combines the properties of porous
polymer carriers and the magnetic particles enabling easy separation and reapplication of such
polymeric carriers used for e.g. catalysis or environmental remediation. Studies on thermal
degradation of the composites revealed that the process proceeds in three stages while
significant influence of the embedded magnetic particles on that process was observed in the
first two stages. Magnetic Force Microscopy studies revealed that nanocomposite and its
calcinated form have strong magnetic properties. The obtained results provide comprehensive
characterization of the magnetic nanocomposites and the products of their calcination that are
important for their possible applications as sorbents (regeneration conditions, processing

temperature, disposal, etc.).
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1. Introduction

Unique physical and chemical properties of nanoparticles (NPs) that are related to
quantum size effects and large surface area/energy are the major factors influencing a growing
interest in fundamental studies and applications of NPs [1,2,3]. While NPs have a strong
tendency to agglomeration [4,5] there have been number of methods developed for their
stabilization by using various materials, including inorganic compounds [6], surfactants [7]
and polymers [8,9]. The incorporation of NPs in polymer or other matrices allow obtaining
new nanocomposite materials [6—9]. Among the broad spectrum of such systems magnetic
nanocomposites (MNCs) have gained significant attention due to their intrinsic magnetic
properties [10-12]. Magnetic NPs due to their small size commonly exhibit
superparamagnetic properties that make them useful as e.g. contrast agents in magnetic

resonance imaging (MRI) [13,14], drug carriers [15,16] or in hyperthermia treatment [17].



MNCs combining magnetic properties of NPs and tunable porous structure and mechanical
properties of the polymer matrix have been considered as desired materials for various
application in e.g.: information technology, telecommunications [18,19], catalysis [20], MRI
[13,21], biomedicine and environmental remediation [22—24]. Taking advantage of soft
polymer matrices the nanocomposites with well-dispersed magnetic (nano)particles may be
formed overcoming common difficulties related to their aggregation that often leads to
diminishing their magnetic properties [25]. Therefore, designing and preparation of various
magnetic nanostructures have been a subject of numerous studies [26,27].

MNCs can be generally prepared by either embedding of the preformed magnetic NPs
in a soft polymer matrix or by their synthesis in situ within the porous polymer material using
appropriate soluble precursors. Due to diffusion limits, synthesis of magnetic NPs from their
soluble precursors in the polymer matrix seems to be favorable for reaching uniform
distribution of NPs in MNC. Such composites may be obtained through the hydrolysis or
reduction of metal salts in the presence of polymers [28,29]. Ziolo et al. developed a method
to synthesize y-Fe>Os NPs in a commercial ion exchange resin [30]. For this purpose ion
exchange of iron ions by the cross-linked sulfonated porous polystyrene was carried out
followed by precipitation of iron oxide NPs in the polymer matrix. This method was then
applied to obtain MNCs based on cross-linked polymers such as anions and cations
exchangers [31-35] as well as macromolecular oxidizers [36] that have numerous
environmental applications. For example, sorption properties of the synthesize MPCs for the
oxyanions of arsenic [31], Cu?*, Zn?* [32], sulphide [33] were investigated.

Thermal analytical methods are widely used in the study of the relationship between the
composition and processing temperature of materials as well as their thermal degradation. It is
particularly important for materials used as sorbents. First of all, many processes involving
such materials are carried out at relatively high temperatures and may be accompanied by

some structural change of the sorbents. Moreover, characterization of the sorbent materials



using thermal methods is important for their regeneration or calcination (e.g. prior to
disposal). Finally, if the sorption materials are polymeric composites, their thermal analysis
allow to identify the impact of various components on the thermal stability of the polymer.
This paper presents the synthesis and thermal degradation of new MNCs based on
phosphorus-containing polymer (PhCP). PhCP was applied as efficient sorbent of heavy metal
ions [37] and formation of magnetic nanocomposites may be the way of their efficient
separation from the environment without necessity of filtrations [38]. PhCP was synthesized
by chemical modification (oxidative chlorophosphorylation reaction) of industrial polymer —
butadiene rubber (BR). In this work structural characterization and thermal degradation (TD)
of the PhCP and respective MNC based on PhCP were investigated. A Kinetic analysis of the
TD process by means of the Friedman and Ozawa-Flynn-Wall (OFW) kinetic methods was

also presented.

2. Experimental
2.1. Materials

BR was purchased from VVoronezh Synthetic Rubber Manufactory (Russia). PClz, CCls,
p-xylene, FeCl,-4H20, FeCls-6H20, NaOH (all p.a.) were supplied by Gorex Analyt GmbH
and used without further purification. Oxygen was purified (removal of traces of water) by
passing it through concentrated sulfuric acid (VI) (Gorex Analyt GmbH). All aqueous

solutions used for the experiments were prepared using distilled water.

2.2. Synthesis of the phosphorus-containing polymer (PhCP)

The synthesis was realized following our previously reported method [39]. Namely, 5%
solution of BR in CCls was mixed with PClz (BR:PClz, 1:5 w/w ratio). The reaction was
carried out at room temperature for8 hours under the oxygen flow (7 L-h™) and after its

completion p-xylene was added to the reaction solution. Then, the liquid components (CCls,



POCIs, unreacted PCl3) were evaporated under intensive stirring using a vacuum pump
leaving solid phosphochlorinated BR in the form of swollen powder (PChBR). This product
was a cross-linked functional polymer (-P(O)Cl., phosphonyldichloride and -OP(O)Cly,
phosphoryldichloride groups) with P-CI bonds. Then the mixture of PChBR and p-xylene was
added to ice water for separation of the cross-linked polymer. The separated polymer was
subjected to hydrolysis that was carried out at 50°C for 4 h with continuous stirring. The
product was filtered, washed with distilled water several times until neutral pH was reached.
Then it was washed with acetone and dried in air and then under vacuum at 40°C. The final

product (PhCP) was obtained in a form of dark-brown powder.

2.3. Synthesis of the magnetic nanocomposite (Ph-MNC) based on PhCP

The previously reported synthetic procedure was modified here [38]. Namely, ferric and
ferrous chlorides (with a molar ratio 2:1) were dissolved in water with a total concentration of
0.1 M of iron ions. Then, the 100 mL the mixture of solutions of iron salts was added to the
1.0 g of PhCP. The suspension was stirred for 2h and then the polymer was filtered off,
washed thoroughly with distilled water and dried in air. 2M solution of sodium hydroxide
(100 mL) was added to the air-dried PhCP with Fe?* and Fe3* ions. The reaction was carried
on for 1 h at 80°C under argon atmosphere with a constant and vigorous stirring. The obtained
pure black Ph-MNC nanocomposite was separated using an external magnetic field
(neodymium magnet) and was treated by 1M HCI solution for removal of the surface attached
particles. Afterwards, Ph-MNC was washed several times with water and ethanol, separated
via centrifugation and finally dried in a vacuum oven at 50°C. PhCP and Ph-MNC were

scuffed in an agate vessel up to disperse state (35-50 mesh).

2.4. Characterization methods



For determination of the content of iron in Ph-MNC, the sample was treated with a
mixture of concentrated HCIl and HNOs (1:1) followed by appropriate dilution of the formed
solution and analyzed using an atomic-emission spectrometer (Optima 2100 DV, Perkin-
Elmer). XRD patterns of the Ph-MNC was recorded on an automatic diffractometer "D2
PHASER" (Bruker) at room temperature (Cu-Kal, A = 1.54060 A). FTIR spectroscopy
measurements were performed using a Thermo Nicolet iS10 FTIR spectrometer (Thermo
Scientific) with ATR equipment (SMART iTX). The samples were vacuum dried before the
measurements. Spectra were baseline corrected and normalized using Omnic v9.0 software
(Thermo Scientific). Atomic Force Microscopy (AFM) images were obtained with Dimension
Icon microscope (Bruker) working in air using Tapping Mode. Magnetic Force Microscopy
(MFM) images were acquired using the same microscope working in the lift mode. In all
measurements magnetic Co/Cr coated standard silicon cantilevers with nominal spring
constant of 2 N/m were used. Before scanning the cantilevers were magnetized with a small
magnet. All MFM images were taken within lift (surface-tip) distance of 100 nm.
Thermogravimetric analyses (TGA) were performed on NETZSCH TG 209/cell Thermal
Analysis System between 20 and 850°C by the use of Al,O3 crucibles. The measurements
were carried out under the flow of synthetic air (35 mL min) at five different heating rates
(B=1, 5, 10, 15 and 20 K min?) for granulated samples. The samples after the measurements

(heated up to 850°C) were further investigated (calcinated samples).

3. Results and Discussion

In our previous studies PhCP materials were described in details [39]. According to the
results of solid state *H, *C, and 3!P NMR analysis it was established that the PhCP contains
phosphonate (-P(O)(OH).) and phosphate (—-OP(O)(OH)2) groups. Chlorine and hydroxyl
groups directly connected to the carbon atoms of the main macromolecular chain: —-CHCI; —

CH(OH) are also present there. The presence of functional groups in the cross-linked PhCP as



well as its porous structure enables adsorption of iron ions and subsequent formation of
magnetic particle in the polymer matrix leading to Ph-MNC (Fig.1, A-C). Such
nanocomposites, thanks to the presence of magnetic particles, can be easily isolated from the
suspension just by applying magnetic field (see Fig. 2). Such capability is very important for
possible applications of PhPC-based materials in e.g. catalysis or environmental remediation.
Structure and magnetic properties of the obtained Ph-MNC were investigated by FTIR and
AFM-MFM techniques. Moreover, to study distribution of magnetic particles XRD analysis
was performed. Additionally, parent PhCP polymer material and the obtained Ph-MNC
nanocomposite were thermally treated (up to 850°C) using TGA (Fig. 1, Ato D and Cto E; In
the real picture clearly visible as Ph-MNC (flask C) and its calcinated form CPh-MNC (flask
E) has magnetic properties). FTIR, AFM-MFM measurements were performed for C-PhCP

and CPh-MNC as well.

NaOH

pH = 10-11

@ -PO(OH),

® - IP(O)(OH)(O)], Fe""
@ -FexOyH,0

© -PkO1Cpy

©® -PkO Cpy-Fey Oy




A. o E.
Figure 1. Schematic presentation of the preparation of the Ph-MNC from PhCP, their
calcination and real illustration of magnetic properties: A. PhCP, B. PhCP with adsorbed iron

ions, C. Ph-MNC, D. calcinated PhCP (C-PhCP), E. calcinated Ph-MNC (CPh-MNC).

Figure 2. The photograph showing the recovery of MNC form its suspension by application
of external magnetic field (neodymium magnets).

3.1. X-ray diffraction studies

Ph-MNC was found to have a generally amorphous structure as it was shown using XRD (see
Fig. 3). The observed diffraction peaks at (1.1.1), (2.0.0), (2.2.0), (4.2.2) and (5.1.1) agree
well with the structure of magnetite (FesO4). Along with these diffraction peaks at (1.0.4),

(2.2.2), (1.1.3), (1.2.2) and (2.1.4) attributed to hematite (a-Fe203). In addition of the peaks of
8



magnetite and hematite some peaks of goethite (FeO(OH), 1.1.0) and maghemite (y-Fe20s,
3.1.1) were also found in the prepared nanocomposite [40,41,42]. While the synthetic
methods employing both Fe®** and Fe?* ions should lead to formation of magnetite the
presence of other forms of iron oxide cannot be excluded as e.g. magnetite and maghemite
form crystallographically isomorphous spinel structure. Moreover, magnetite very slowly
oxidizes to maghemite at ca. room temperature [43]. XRD-based identification of a particular
iron oxide in nano-sized particles is difficult because of significant peak broadening due to the
size effect. It is also known that the hydrolysis of acidic solutions of iron salts can result in
various iron oxides and oxohydroxides, depending on the reaction conditions. The fast
hydrolysis of Fe** solution typically leads to amorphous non-stoichiometric hydrated
oxohydroxide Fe>O3-nH20, which is also known as ferrihydrite [44]. Nevertheless, the
presence of various types of iron oxides does not reduce the value of the resulting composite

as almost all of them may also serve as absorbents [45].
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Figure 3. XRD patterns of Ph-MNC nanocomposite.

3.2. Comparative structural characteristics of PhCP and Ph-MNC

3.2.1. FT-IR analysis of PhCP and Ph-MNC

9



The FT-IR spectra of the PhCP and Ph-MNC are shown in Fig. 4. In the spectrum of
PhCP the IR bands in 12001150 cm™ region can be assigned to —-P=0 groups vibrations. The
IR bands at 1702, 2864 and 3394 cm'* are attributed to OH vibration in —-PO(OH) groups. IR
band at 986 cm, corresponding to C—O-P bond, indicates the attachment of -PO(OH) group

to the polymer chain via oxygen [38].
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Figure 4. The FT-IR transmission spectra of the PhCP (black) and Ph-MNC (red).

Comparison of the of PhCP and Ph-MNC spectra indicates significant differences in the
regions of 400-1100 and 3000-3600 cm™. While characteristic absorption bands of the Fe-O
bond of iron oxides (mainly in magnetite and maghemite) are reported to be located between
400 and 700 cm™ [46,47]. The band of the Fe—O bond in bulk iron oxides that is located at
570 cm™ [48] was shifted in the nanocomposite system to higher wave numbers (611 cm?)
that is common for iron oxide NPs [49]. Besides this, the data also reveal that the presence of

characteristic IR band at ~1047 cm™, corresponding to inner-sphere Fe—O—P bonds [50]. This

10



band indicates that the iron oxide particle in Ph-MNC may be covalently bond via surface
hydroxyl groups to polymeric phosphorous containing groups. The sharp bands located at 794
and 897 cm™can be assigned to the vibrations of the free -OH groups on the surface of the
iron oxide particles. Moreover, differences between the spectra of PhCP and Ph-MNC in the
region of 3000-3600 cm™ can be explained by the same reason. The broad band in the region

of 3300-3600 cm™ can be also attributed to water adsorbed on the iron oxide particles [51].

3.2.2. Identification of thermal decompositions steps of PhCP and Ph-MNC
TG curves for PhCP and Ph-MNC samples are shown in Fig. 5. The degradation stages

and the weight losses, at various heating rates, derived from the TG curves are listed in Table

=

5 °C/min
10 °C/min ———\
15 °C/min |4}
20 °C/min \

5 °C/min
10 °C/min
15 °C/min
20 °C/min

60
50
40 S

30

100 200 300 400 500 600 100 200 300 400 500 600
Temperature / °C Temperature / °C

Figure 5. TG curves of the PhCP (A) and Ph-MNC (B) with different heating rates.

The degradation of the samples proceeds in general three stages. Visual inspection of
the plots of samples and values of weight loss shows that degradation of the PhCP and the Ph-
MNC proceed differently. This difference is clearly visible in the first two stages of
degradation. The temperature range the first stage is between ca. 30 and 160°C and the
average weight loss is equal to 4.3 wt.% for the PhCP. Based on the experimental condition

(synthesis, pre-treatment procedure) and structure of the samples (porous and cross-linked),
11



weight loss at this stage is due to elimination of physically adsorbed water existing in the
pores and of the hydrogen-bonded water with the functional groups. The first stage for Ph-
MNC was recorded in wider temperature range (30-210°C) in comparison to PhCP. The
values of weight loss for the composite were more than 3 times larger (Table 1, 11+15 wi/w.
%). This fact may be explained by the presence of magnetic NPs in the pores and on the
surface of PhCP. Magnetic NPs possess hydroxyl groups in their structure that may bound

additional water molecules.

Table 1. Mass change and characteristic temperature of thermal degradation for PhCP and

Ph-MNC at different heating rate.

Residue
Heat Mass, First step Second step Third step
- at 850°C
= rate, K mg
% Ti Tm Tt Am, % Ti Tm Tt Am, % Ti Tm Tt Am, % %
(%]
1 10.365 36 44 105 4.2 105 194 274 198 274 365 500 35.2 26.5
5 10.332 36 83 129 44 129 214 294 191 294 353 560 36.8 36.3
S 10 10.356 36 102 140 45 140 226 306 191 306 424 580 39.3 315
=
o
15 10.428 36 108 149 44 149 232 313 183 313 436 590 40.0 33.0
20 10.050 36 113 156 4.6 156 238 319 18.0 319 442 600 404 32.8
1 10.337 36 45 160 11.7 160 290 325 9.8 325 407 500 344 35.2
5 10.340 36 70 186 14.6 186 313 345 8.1 345 434 560 34.0 43.0
[®)
é 10 10.246 36 84 201 15.0 201 329 358 8.5 358 448 580 349 39.0
IS
o 15 9.887 36 93 206 14.8 206 338 368 8.6 368 456 590 348 39.9

20 10.089 36 101 210 13.4 210 346 372 84 372 463 600 35.6 40.8

Ti — initial degradation temperature, °C
Tm — temperature corresponding to the maximum rate of degradation, °C
Tt — final degradation temperature, °C

The final degradation temperature of the second stage is in the ranges of 274-319°C,
and 325-372°C for PhCP and Ph-MNC, respectively. This stage is characterized by a large
change on TG curve slopes for PhCP, while for Ph-MNC this segment is different. Those

results were also confirmed by roughly twice larger weight loss for PhCP (18+20 w/w. %)

than the one observed for Ph-MNC (8+10 w/w. %). This step of thermal degradation may be
12



assigned to dehydration processes, anhydridization of phosphonate and phosphate groups and
elimination of hydrogen chloride. The products of the degradation process may interact with
magnetite particles, so the weight loss of the composite is less than that of the sole polymer.
At higher temperatures the third weight loss stage for both samples is characterized by a
sharp change on TG curve slopes, especially in the case of Ph-MNC. The weight loss
increases similarly for both materials reaching the average level of 37.0+3.0 %. This stage
could be attributed to elimination of side groups from the polymer chains, random
depolymerization and detachment of larger organic molecules that could be formed in the
second stage. At such high temperatures cracking and gasification processes occur as well.
The obtained results show that magnetic NPs do not significantly affect the values of weight
loss at the third degradation stage indicating that the particles do not react with the
degradation products or newly formed intermediate compounds decompose again. Finally, the
residual amounts of the samples were compared. The mass of residue for Ph-MNC was ca. 7-
9% (with respect to the starting masses) higher than for PhCP that is in good agreement with

the amount of iron in the composite determined before thermal degradation (6 %).

3.3. Kinetics of the thermal degradation of PhCP and Ph-MNC
According to non-isothermal kinetic theory, TD of polymers can be expressed by the

following equation (1):

_E,
OI—OlzlAe R f(a) (1)

dT g

where f(a) is the differential expression of a kinetic model function, « is the fractional mass
loss, g is heating rate, Ea and A are the so-called activation energies and pre-exponential factor
for the decomposition reaction, respectively, R is the general gas constant. The fractional

mass loss is a measure of reaction progress as a function of time or temperature. For non-

isothermal TGA, the fractional mass loss can be calculated with a formula (2):

13



m,—m
o= 0 T (2)
mO _moo

Where, mg is the initial sample weight, mr is the sample weight at temperature T, and m., is
the final sample weight.

In the study for evaluation of kinetic parameters (Ea, A) OFW [52-54] and Friedman
[55] methods were chosen. These methods can be successfully used to study TD kinetics for
polymers, blends and composites, without any a’priori knowledge of the reaction mechanism.
The kinetic parameters were calculated using a Netzsch Thermokinetics Software [56]. The

mean values of E, and A for the studied samples are presented in Table 2.

Table 2. The kinetics parameters obtained by Friedman and OFW methods for PhCP and Ph-

MNC.
Step | Step Il Step 111

° Ea, kJ-mol? A st Ea, k-molt A st Ea, k-molt A st

=y

E Friedman OFW  Friedman OFW Friedman OFW Friedman  OFW Friedman OFW Friedman  OFW
5 62 64 2.9-107 2.8-107 131 125 1.5-101 7.7-10%0 142 143 2.0-108  3.6-108
T

(@)

§ 66 69 3.4-107 3.4-107 153 143 2.7-101 6.5-1010 233 232 3.9-10+ 4.9.-10%
IS

o

Values of kinetic parameters calculated by the two methods (see Table 2) for the first
degradation stage are very similar for both materials. The overall Ea of the first degradation
stage was found to be in the range 60-70 kJ mol. Kinetic parameters values of the second
thermal degradation stage are higher than for the previous stage. Ea of PhCP was 131, 125 kJ
mol? and that of Ph-MNC was equal to 153, 143 kJ mol?, based on Friedman and OFW
methods, respectively. This indicates that the presence of magnetic NP in the composite

influences Ea likely due to larger problems with removal of the decomposition products from

14



the reaction medium. This effect becomes more pronounced in the third stage of degradation
process. Ea for the composite is almost 100 kJ mol™ higher than for PhCP.

Thus, during the TD process significant change associated with structure of the samples
takes place in the second and third stages. Therefore, to have a more complete image of the
thermal behavior of the studied samples, the variation of Ea vs a during the second and third
degradation stages was plotted in Figure 6. Comparison of the Ea vs. « plot in Fig. 6 leads to
conclusion that the second stage is the crucial degradation process for the samples because it
IS non-stationary in non-isothermal conditions. By increasing the temperature the continuous
increase of Ea was observed for the second stage. The results also show that the Ea.—« plot for
the composite differ from the corresponding plot of PhCP (compare the slopes). Thus,
magnetic NP seem to change the mechanism of the polymer degradation.

The variations of Ea taking place in the third degradation stage are plotted in Fig. 6B.
The Ea values for both samples exhibit sinusoidal variation with « indicating changes in the
degradation pathway. In this degradation stage, the decrease of Ea (in the range 0.35<a<0.8)
could be also caused by the loss of the degradation products formed by the rupture of the
functional groups attached to the polymer backbone. This variation of Ea, characterized by a
dramatic increase or decrease as a function of « could be assigned either to some competitive
processes or to the depolymerization in non-stationary conditions.

Finally, by comparison of the E.—a plots obtained by the two applied methods very
similar behavior was observed in the second and third stages. Thus, it would appear that either
the differential (Friedman) or integral (OFW) method can provide a satisfactory mathematical
approach to establishing the kinetic parameters for the thermal degradation of functional

polymer as well as the studied composite.
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Figure 6. Variation of Ea versus fractional mass lose (a) for the second (A) and third (B)

degradation stages of samples based on Friedman (1) and OFW (2) methods.

3.4. FTIR analyses of the calcinated polymer and nanocomposite

To make it clear how the presence of magnetic NP influences TD process the calcinated

polymer (C-PhCP) and composite (C-Ph-MNC) were investigated and compared. In the

spectrum of C-PhCP (see Fig. 7) the peaks corresponding to —CHz— (2928 cm™!), -CH- (2851

cm™'), C-O—C (1090 cm™") groups as well as the bands attributed to phosphorus oxide in the

range of 700-1000 cm™ [57] were observed. In the spectrum of the C-Ph-MNC except the

peaks corresponding to phosphorus oxide and iron oxide the other bands have vanished. This

result can be explained by the catalytic effect of the iron oxide. According to the literature

16



nanosized transition metallic oxides such as iron oxide, magnetite, hematite, and maghemite

are materials that may play a role of catalysts in thermal degradation reactions [58].

467 436

4000 3000 1000

wavenumber [cm']

Figure 7. The FT-IR spectra of the C-PhCP (black) and C-Ph-MNC (red).
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Figure 8. AFM images of topography (A), mechanical phase (B) and MFM (magnetic) phase

(C) for: 1 - PhCP, 2 - Ph-MNC, 3- C-PhCP, 4 - C-Ph-MNC.
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3.5. AFM-MFM characterization of PhCP, Ph-MNC and their calcinated forms

MFM was used to confirm magnetic properties of the obtained structures and determine
the size of the magnetic particles (see Fig. 8). The microscope worked in the interleave mode
which allowed to obtain AFM topography and phase images as well as MFM magnetic phase
image form exactly the same areas on the sample. Only the samples with incorporated
magnetic particles (Ph-MNC, C-Ph-MNC) revealed signal in the MFM phase images. It can
only be observed for the samples possessing magnetic domains which are able to interact with
the magnetized tip. That clearly indicates that the investigated nanocomposite samples exhibit
strong magnetic properties and the distribution of the particles is relatively uniform. Samples
without magnetic NPs (PhCP, C-PhCP) even they are characterized by nanostructured surface
(see Fig. 8 1A and 8 3A) do not exhibit any magnetic properties (see Fig. 8 1C and 8 3C).

Differences in topography between initial samples (before calcination) and its calcinated
forms were studied using AFM. The biggest differences were observed for the same types of
material before and after thermal treatment. The surfaces of samples after the treatment
became significantly smoother (see Fig. 9.)

1. 2.

250.0 nm

20pum

0.5 0.5

250.0 nm

0.0nm
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Fig. 9. 3D AFM topography images of: 1- PhCP, 2- Ph-MNC, 3- C-PhCP, 4- C-Ph-MNC.
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4. Conclusions

A magnetic nanocomposite (Ph-MNC) was synthesized based on inexpensive
phosphorus-containing polymer (PhCP) in a facile process by formation of iron oxide
nanoparticles in the polymer matrix from the soluble precursors. The presence of functional
groups, porous structure and the rough surface of the polymer allowed adsorption of iron ions
from solution followed by formation of P-O-Fe bonds. Subsequent treatment with sodium
hydroxide lead to formation of magnetic nanoparticles within the polymer matrix. FTIR data
proved that the composite containing iron containing compounds was formed while XRD data
indicated the presence of particles in the form of magnetite, maghemite, goethite, hematite
and ferrihidrite. AFM studies enabled determination of sizes of the nanoparticles to be in the
range ca. 100-160 nm that also showed strong magnetic properties as mapped using MFM.

Thermal degradation of the nanocomposite was studied using TGA. The obtained TG
curves clearly showed the presence of three degradation stages for both PhCP and Ph-MNC. It
was found that the first stage of weight loss covers a wider temperature range and the values
of weight loss were more than three times larger for Ph-MNC as compared to PhCP likely
due to the presence of hydroxyl groups on the surface of magnetic particles that linked more
water molecules. However, the weight loss in the second stage was for Ph-MNC roughly
twice smaller than for PhCP as magnetic NPs can interact stronger with the products of
degradation at this stage (e.g. water, HCI). At higher temperatures (above 270°C) the third
weight loss stage characterized by a steep slope in TG curves and almost the same weight loss
for both samples was observed. It indicates that magnetic NPs do not react with the
degradation products at this stage or the interactions lead to products that at such temperatures
subsequently decompose. Kinetic parameters, such as Ea and A values were calculated
according to Friedman and OFW methods. The comparison of the plots of Ea versus fractional
mass loss for the second and third stages of PhCP and Ph-MNC indicate that the magnetic

NPs strongly influence the complex degradation mechanism of the nanocomposite.
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The native and calcinated nanocomposites (C- Ph-MNC) were shown to exhibit strong
magnetic properties due to the presence of uniformly distributed NPs as evidenced using
AFM and MFM. Thus, thermal degradation of the studied nanocomposite may be considered
as a method for obtaining phosphorus-containing magnetic materials that may be of high
application potential as magnetically separable sorbents. The presented result indicate that

thermal treatment may be also used for regeneration of used magnetic nanocomposites.
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