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ABSTRACT:  

The study aims at the design of nanostructured hybrid materials that are both conducting and 

magnetic. Conducting polypyrrole nanotubes were prepared by the oxidation of pyrrole with iron(III) 

chloride stimulated by the organic dye, methyl orange. The excess of oxidant involved in the synthesis 

was used for the in situ generation of magnetite nanoparticles after addition of ammonia that coated 

the polypyrrole nanotubes. The resulting composites of varying composition were characterized with 

respect to the specific surface area and by X-ray diffraction and FTIR spectroscopy. The conductivity 

measurements revealed that polypyrrole nanotubes had a conductivity of ≈20 S cm-1 and the 

composites with magnetite nanoparticles ≈1 S cm-1 virtually independent of the composition. While 

polypyrrole nanotubes had marginal magnetic properties, the saturation magnetization of composites 

reached ≈50 emu g-1, close to that of neat magnetite. The reprotonation of polypyrrole in composites 

increased the conductivity to ≈5 S cm-1 at the expense of reduction of magnetic properties. The 

magnetorheological analysis was performed to illustrate their possible application exploiting the 

nanotubular morphology and requiring a magnetic response. 
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1. INTRODUCTION 

Polypyrrole (PPy) is one of the most investigated conducting polymers due to the ease of preparation, 

conductivity at the semiconductor level, good environmental stability, and strong application 

potential.1 It is obtained by the oxidation of pyrrole typically with iron(III) chloride in characteristic 

globular form.2,3 

When the same preparation proceeds in the presence of suitable organic dyes,4 most often methyl 

orange, polypyrrole nanotubes are obtained instead.4-6 They represent a superior organic conducting 

material applicable in various directions.6 The nanotubular morphology is uniform, and the 

conductivity is enhanced by 1 or 2 orders of magnitude up to 100 S cm-1 compared with a common 

globular form.3,5,7 Nanotubes display also improved stability with respect to the loss of conductivity 

due to deprotonation under physiological conditions.8,9 This makes them an organic conducting 

material of choice in the biomedical field.1,10 

Polypyrrole nanotubes have been modified in various manners. For example' they have been coated 

with another conducting polymer' polyaniline,11 to obtain new core-shell nanostructures. The 

introduction of surfactants to the synthesis also affected their properties.12,13 Polypyrrole nanotubes 

have been most often decorated with various inorganic species providing a value-added upgrade' such 

as cobalt ferrite14 layered double hydroxides,15 manganese dioxide,16,17 molybdenum disulfide,18 

nickel(ll) hydroxide,19 tin(lV) oxide,20-24 and noble-metal nanoparticles.25-28 The composites of 

polypyrrole nanotubes with a magnetic component' magnetite (Fe3O4)' are newly described in this 

study. 



The preparation of common polypyrrole/magnetite composite proceeds as a rule in two steps. 

Magnetite is prepared at first' and subsequently it is used as a substrate for the deposition of 

polypyrrole by in situ polymerization of pyrrole with iron(lIl) chloride. Note that both steps employ iron 

compounds as reactants. The coprecipitation approach using iron(ll) and iron(lIl) chloride at 1:2 mole 

ratio in ammonia solution is probably the most common way to prepare magnetite particles.29-32 

Alternatively' they were produced by a solvothermal process involving the reduction of iron salts with 

ethylene glycol at elevated temperature.33 Magnetite was then coated during in situ polymerization of 

pyrrole with iron(III) chloride as oxidant.31-33 Commercial magnetite nanoparticles have also been used 

in the experiments.34 Polypyrrole was also deposited by galvanostatic electrolysis resulting in 

polypyrrole-coated Fe3O4 core-shell colloids34 (Fe3O4@PPy). All above syntheses yield composites with 

a magnetite core and polypyrrole shell. 

Both steps can be reversed. For example, polypyrrole was prepared by the oxidation of pyrrole with 

iron(II) chloride along with hydrogen peroxide. The peroxide converted iron(II) chloride to iron(III) 

chloride, which subsequently oxidized pyrrole to polypyrrole. The fact that iron(III) chloride would be 

reduced back to iron(II) chloride at the same time, however, was not discussed. If the system used for 

the preparation of polypyrrole contained both the iron(II) and iron(III) ions, the addition of ammonia 

would produce magnetite in the next step.35 Polypyrrole decorated or coated with magnetite is a result 

of such syntheses. 

Polypyrrole/magnetite composites have been used in supercapacitor electrodes with enhanced 

specific capacity36 and in photothermal therapy due to their ability to convert absorbed infrared 

irradiation to heat.31 They were similarly tested for the electromagnetic radiation shielding.32,35 The 

design of water-pollutant adsorbents separable by a magnetic field is another prospective application 

proposed in the literature.33 The unique structure of polypyrrole/magnetite composite particles could 

be, besides the above-mentioned applications, used with benefits also in various systems responsive 

to a magnetic field. Magnetorheological fluids are one of the intelligent systems consisting of magnetic 

particles dispersed in a nonmagnetic carrier liquid. They can change their rheological properties in 

terms of continuous and reversible transition from a liquid-like viscous state to a solid-like elastic state 

in milliseconds by an applied external magnetic field.37 The responsive character allows 

magnetorheological fluids to be used for diverse damping systems,38 haptic devices,39 polishing 

technology,40 and so on. 

The present study reports the one-pot preparation of polypyrrole nanotubes as a conducting core 

component that is coated with magnetite. The magnetorheological performance of such a 

nanostructured solid phase dispersed in liquid is demonstrated. 

 

2. EXPERIMENTAL SECTION 

2.1. Preparation 

Reference polypyrrole nanotubes were prepared by the oxidation of pyrrole (0.7 mL, 10 mmol) with 

iron(III) oxide hexahydrate (6.76 g, 25 mmol) in 100 mL of water containing 65 mg of methyl orange at 

room temperature. The concentrations thus were 0.1 M pyrrole, 0.25 M iron(III) chloride, and 0.002 

M methyl orange, the mole ratio [FeCl3]/[pyrrole] = 2.5 being stoichiometric (Scheme 1). The presence 

of methyl orange ensures the generation of nanotubes instead of globular morphology.6 All chemicals 

were purchased from Sigma-Aldrich and used as delivered. The first series of syntheses followed 

varying concentrations of iron(III) chloride from 0.25 to 0.6 M; that is, the oxidation was performed at 

a stoichiometric excess relative to pyrrole. The oxidant-to-monomer mole ratio [FeCl3]/[pyrrole] = 2.5 



— 6 was selected as a parameter to denote the individual samples. Polypyrrole nanotubes were 

isolated the next day by filtration, rinsed well with 0.1 M hydrochloric acid followed by acetone, and 

left to dry in open air. 

The second series was prepared in the same manner, but instead of the isolation of the polypyrrole, 

pH was adjusted to 8—9 by 200 mL of 1 M ammonium hydroxide. This step converted residual iron(II)/ 

iron(III) salts to magnetite and related oxides and polypyrrole hydrochloride to a corresponding 

polypyrrole base8 (Scheme 1). The polypyrrole/magnetite solids were separated next day by filtration 

as above, rinsed with water until neutral reaction and then with acetone, and dried. 

Scheme 1. (l) Pyrrole Is Oxidized with Iron(lIl) Chloride to Polypyrrole, and Iron(II) Chloride Is a Byproduct; (2) If Iron(III) 

Chloride Is Still Present, Magnetite Is Generated under Alkaline Conditions, and Polypyrrole Converts to a Base; and (3) 

Polypyrrole Base May Be Reprotonated to a Salt under Acidic Conditions 

 

 

Finally, the third series followed the same protocol as the second, but the pH of the reaction mixture 

was converted to 1—2 by addition of hydrochloric acid before the product separation (Scheme 1). This 

step partly recovered the polypyrrole base to polypyrrole salt9 and dissolved some of the iron oxides. 

Finally, the solids were rinsed with 0.1 M hydrochloric acid and then acetone and dried. 

 



2.2. Characterization 

The morphology was observed with a FEI Tecnai T12 electron microscope FEI operated at 120 kV. The 

content of inorganic part represented by magnetite and/or other iron oxides was determined to be an 

ash. The specific surface area and pore volume were determined from adsorption/desorption 

isotherms with aNOVA3200 (Quantachrome Instruments) using NovaWin software. The structure of 

magnetite was confirmed with an X-ray diffractometer (Advance D8, Bruker) using Cu Ka radiation. 

FTIR spectra were analyzed by using a Nicolet 6700 (Thermo-Nicolet, USA) spectrometer equipped with 

a reflective ATR extension GladiATR (PIKE Technologies, USA) with a diamond crystal. The conductivity 

was determined by the four-point van der Pauw method on pellets 10 mm in diameter and ca. 1 mm 

thick prepared at 527 MPa in a hydraulic press when such a preparation was feasible. Magnetic 

characteristics of prepared nanocomposites were investigated by a vibrating sample magnetometer 

(VSM, Model 7407, USA). 

 

2.3. Magnetorheology 

The magnetorheological properties were examined for the system containing 15 wt % composite 

prepared at [FeCl3]/[pyrrole] = 4 and 6 in silicone oil (Lukosiol M100, Chemical Works Kolin, Czech 

Republic; viscosity 100 mPa s, density 0.965 g cm-3) by using a rotational rheometer (Physica MCR502, 

Anton Paar, Austria) equipped with a magneto-cell (MRD 180/1T) and parallel-plate geometry 

(PP20/MRD/TI/S) with a measuring gap of 0.3 mm. The suspensions were mechanically stirred, and the 

magnetic field was applied 1 min before starting the measurement. The value of external magnetic 

field strength applied was set to 61, 122, and 176 kA m—1, while the temperature was kept at 25 °C. 

The magnetorheological properties were recorded by applying controlled shear rate mode 0.1—300 

s—1. 

 

3. RESULTS AND DISCUSSION 

3.1. Preparation 

The preparation of polypyrrole/magnet-ite composites proceeds in two subsequent steps that follow 

in succession in the reaction mixture. At first, pyrrole is oxidized to a polypyrrole salt with iron(III) 

chloride that converts to iron(II) chloride, the stoichiometric oxidant-to-monomer mole ratio 

[FeCl3]/[pyrrole] being 2.5 (Scheme S1). If the reaction mixture contains iron(III) ions in excess to the 

stoichiometric ratio, magnetite is produced in the second step after addition of ammonium hydroxide 

from the both iron chlorides. 

When the oxidant-to-monomer mole ratio n = [FeCl3]/ [pyrrole] exceeds the stoichiometric value, i.e., 

n > 2.5, then the oxidation of 1 mol of pyrrole with n mol of FeCl3 yields 1 mol of polypyrrole 

constitutional units, and (n — 2.5) mol of FeCl3 is left for the reaction with residual FeCl2 after addition 

of ammonia to produce (n — 2.5)/2 mol of magnetite (Scheme S1). The predicted weight fraction of 

polypyrrole in the composite is 

 

 

 



where Mm = 232 is the molecular weight of magnetite and MPPy = 63 is the molecular weight of the 

constitutional unit in the polypyrrole base (Scheme 1). For n = 2.5, only polypyrrole is produced 

(Scheme S1), while at n = 5 and 7.5 the content of polypyrrole in the composite was expected to be 

17.9 and 9.8 wt %, respectively; that is, magnetite predominates in composites. For n > 7.5, the 

composition does not change anymore because iron(III) chloride has nothing the react with except 

possibly to cause the overoxidation of polypyrrole. 

The above estimates just provide some guidance for the control of composite composition. The 

calculation, however, assumes that any residual iron(II) chloride stays dissolved in the ammonia 

solutions containing excess ammonia ions due to the formation of amo complexes and that it is 

removed by the subsequent washing of the composite, thus leaving a neat polypyrrole/magnetite 

composite. This condition need not be always satisfied due to the formation of partly soluble iron(II) 

oxide and hydroxide, and experimental compositions somewhat deviate from the prediction (Figure 

1). 

 

3.2. Yield 

The relatively high yield of polypyrrole nanotubes per one gram of pyrrole, 1.6—1.7 g g-1 (Table 1), is 

due to the incorporation of protonating hydrochloric acid in the product (Scheme 1). The increase in 

the yield after the treatment with ammonia is due to the generation of iron oxides and hydroxides. At 

the mole ratio [FeCl3]/[pyrrole] = 2.5, only iron(II) chloride should be present in the system. The high 

yield of composite could be still explained by the presence of poorly soluble iron(II) hydroxide. When 

increasing the concentration of FeCl3, magnetite is produced (Scheme S1), and the yield increases 

accordingly. 

 

3.3. Morphology 

The nanotubular morphology of polypyrrole prepared at the stoichiometric ratio [FeCl3]/ [pyrrole] = 

2.5 in the presence of methyl orange (Figure 2, left) has been well established in the literature,6 and 

transmission electron microscopy confirms the presence of a cavity (Figure S1 in the Supporting 

Information). The diameter of nanotubes is 50—70 nm. Even when the oxidant concentration 

increased several times, the morphology and size of objects have not changed. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1. Calculated weight fraction of polypyrrole, WPPy, in the composite in dependence on mole ratio [FeCl3]/[pyrrole]. 

Experimental results are shown as squares. 

 

Table 1. Yield of Polypyrrole Nanotubes and Polypyrrole/ Magnetite per Gram of Pyrrole and the Composite Composition 

before and after Reprotonation for Samples Prepared at Mole Ratio n = [FeCl3]/[Pyrrole] 

 

Polypyrrole nanotubes are preserved after treatment with ammonia (Figure 2, right; Figure S1). At the 

stoichiometric ratio [FeCl3]/[pyrrole] = 2.5, the oxidant should be consumed in the reaction with 

pyrrole (Scheme S1), and no magnetite was thus produced after adding ammonia solution. The 

microscopy, however, reveals and composition confirms (Figure 1) the presence of polydisperse 

inorganic particles. The magnetite particle prepared by the coprecipitation method were reported to 



have a size of 10—40 nm,30 and in the present case they had needle-like morphology with length 100— 

200 nm and cross section 30—50 nm (Figure S1). Polypyrrole nanotubes become also coated or 

decorated with magnetite (Figure S1), as confirmed below by FTIR spectroscopy. When increasing the 

ratio [FeCl3]/[pyrrole], the amount of magnetite increases (the content of polypyrrole in Figure 1 

decreases), and nanotubes become incorporated in magnetite (Figure 2). 

 

3.4. Composition 

The increasing yield of solids with increasing concentration of iron(III) chloride is also confirmed by the 

determination of inorganic fraction in the composites as an ash (Table 1), which steadily increases (i.e., 

the content of polypyrrole decreases in Figure 1). After reprotonation of polypyrrole in 1 M 

hydrochloric acid, however, the content of inorganic fraction was substantially reduced. There are two 

reasons for the decrease in solids content after such treatment. The first is given by the fact that 

polypyrrole becomes reprotonated to the hydrochloride, and its relative participation becomes larger 

(Scheme 1). Magnetite is insoluble in acids, but this need not apply to magnetite nanoparticles. Also, 

other oxides or hydroxides that may accompany magnetite, such as iron(ll) oxide, are partly soluble in 

hydrochloric acid. This is the second reason for the decrease in the content of iron oxides. 

 

 

 

 

 

 

 



Figure 2. Polypyrrole nanotubes prepared at various oxidant-to-pyrrole mole ratios, [FeCl3]/[pyrrole] = 2.5, 4, and 6, before 

(left) and after (right) the deposition of magnetite. Scale bars are 3-5 μm. 

 

Table 2. Specific Surface Area and Volume of Pores for Samples Prepared at Mole Ratio n = [FeCy/[Pyrrole] 

  



3.5. Specific Surface Area 

For some applications, such as magnetorheology,41,42 which is going to be investigated later on, the 

specific surface area may be a parameter of interest. Just to remember, solid magnetic particles are 

dispersed in a nonmagnetic liquid, and the suspension viscosity can be increased by the applied 

magnetic field. The extent of solid-liquid interface is likely to affect the magnetorheological 

performance. The adsorbents of environmental pollutants,43,44 such as organic dyes, based on 

conducting polymers and separable by magnetic field may also require enhanced specific surface area. 

For that reason, the specific surface area and pore volume are listed in Table 2. Adsorption/desorption 

isotherms are available in Figure S2. 

The specific surface area of the globular polypyrrole reported in the literature was3,4,5 10.6 and 12.1 m2 

g-1. For onedimensional polypyrrole morphologies this parameter was higher but still of the order of 

tens of m2 g-1,6,46,47 in accordance with the present results (Table 2). The specific surface area of 

magnetite alone is 21.4 ± 6.9 m2 g-1; its deposition onto polypyrrole nanotubes thus does not 

significantly affect this parameter of the polypyrrole/magnetite composite. 

 

3.6. X-ray Diffraction 

The resulting composites were studied by X-ray diffraction (Figure 3). Magnetite synthesized by the 

classical coprecipitation method was used as a reference. 

Figure 3. X-ray diffractograms of polypyrrole nanotubes/magnetite composites prepared at [FeCl3]/[pyrrole] = 4 and 6 and 

the comparison with the magnetite prepared in the same manner in the absence of pyrrole. 



 

X-ray diffraction patterns of samples and reference show peaks identified by crystallographic planes 111, 220, 311, 400, 422, 

511, and 440, which correspond to magnetite. An alternative could only be maghemite which has an inverted spinel structure, 

showing peaks at very close positions. Noticeable amounts of other derivatives (oxides and hydroxides) of iron are not 

registered by diffraction patterns. The diffraction patterns of the composites in the range 10°-25° exhibit an amorphous halo 

associated with polypyrrole. Thus, the main components are polypyrrole and magnetite. 

 

3.7. FTIR Spectroscopy 

Infrared spectra reflect the molecular structure of neat polypyrrole nanotubes and in the composites 

with magnetite (Figure 4). In the first series (Scheme 1), when pyrrole was oxidized with iron(lIl) 

chloride, polypyrrole hydrochloride is produced. 

Figure 4. ATR FTIR spectra of polypyrrole nanotubes and their composite with magnetite before and after the reprotonation 

in dependence on the mole ratio [FeCl3]/[pyrrole]. 

Close to the stoichiometric conditions, the infrared spectra of nanotubes (spectra 2.5 and 3 in 

polypyrrole nanotubes group in Figure 4) contain the main bands with maxima at 1520 cm-1 (C-C 

stretching vibrations in the pyrrole ring), 1428 cm-1 (C-N stretching vibrations in the ring), 1270 cm (C 

−H or C−N in-plane  eformation modes), at 1125 and 1080 cm−1 (breathing vibrations of the pyrrole 

rings), at 1030 and 995 cm−1 (C−H and N−H in-plane deformation vibrations), and the peaks located at 

958 and 828 cm−1 (C−H out-of-plane deformation vibrations of the ring).6 When the concentration of 

oxidant increased to [FeCl3]/[pyrrole] = 4 and 6, we observe the shifts of the main bands to 1527, 1286, 

and 1138 cm−1 and the relative increase of the ratio of the intensity of peaks situated at 1030 and 995 

cm−1, which corresponds to a slight deprotonation or overoxidation of polypyrrole.8 This is reflected 

also in the decrease of the intensity of the broad band observed above 1800 cm−1. 



In the second series after treatment of samples with ammonia, magnetite is produced. Its presence is 

detected in the spectra (spectra 2.5, 3, and 4 in PPyNT/magnetite in Figure 4) by the peak situated at 

1018 cm-1 which is observed in its spectrum (Magnetite in Figure 4) and also by enhancement of the 

intensity of a broad absorption band below 900 cm-1. The maxima of the main bands of polypyrrole 

are shifted to 1540, 1450, 1295, and 1150 cm-1, in agreement with the conversion of polypyrrole 

hydrochloride to a base8 (Scheme 1), which takes place under alkaline conditions. It correlates also 

with the lower conductivity of the composites observed below. 

The suspension of composites in hydrochloric acid in the third series led to the reprotonation of 

polypyrrole which manifested itself by the shifts of the main bands to 1533, 1442, 1280, 1113, and 

1088 cm-1 and by the reversed intensity ratio of peaks situated at 1030 and 996 cm-1.8 At the same time 

the peak of magnetite situated at 1018 cm-1 disappeared (spectra Reprotonated in Figure 4), which is 

connected with the partial dissolution of the iron oxides as discussed with respect to reaction yields 

above. 

 

3.8. Conductivity 

The conductivity of polypyrrole nanotubes, 22.7-25.1 S cm-1, prepared at various [FeCl3]/ [pyrrole] mole 

ratios is independent of this parameter within the experimental error (Figure 5), and they are not 

affected by the overoxidation suspected by FTIR spectra. 

 

Figure 5. Conductivity of polypyrrole nanotubes (squares), polypyrrole nanotubes/magnetite (circles), and reprotonated 

composites (triangles) prepared at various [FeCl3]/[pyrrole] mole ratios. 



The conductivity of magnetite powder prepared by the coprecipitation method was lower than 10-3 S 

cm-1 and close to the value 1.3 X 10-3 S cm-1 reported in the literature.30 For that reason the conductivity 

of polypyrrole/magnetite is reduced compared with neat nanotubes to the level close to 1 S cm-1 

(Figure 5). It is again virtually independent of [FeCl3]/[pyrrole] ratios, i.e., of the magnetite content in 

the composites (Table 1). Polypyrrole nanotubes obviously produce a percolating conducting network 

embedded within the magnetite matrix. 

The reprotonation of polypyrrole in the composites with hydrochloric acid partially recovers the 

conductivity (Figure 5) as expected,9 and as it is confirmed by FTIR spectra (Figure 4). The fact that a 

part of iron oxides dissolved and the fraction of polypyrrole increased (Table 1) also contributes do the 

conductivity recovery. 

 

3.9. Magnetic Properties 

Polypyrrole/magnetite composites display magnetic properties that are illustrated by the attraction to 

the permanent magnet (Figure S3). The magnetization curves for the individual composites are close 

to that of neat magnetite when [FeCl3]/[pyrrole] = 4 and 6 (Figure 6). For the [FeCl3]/[pyrrole] = 2.5, 

the magnetic response is much weaker despite the nearly comparable content of inorganic part (Table 

1). We can speculate that the inorganic component in latter case is based rather on iron(II) oxides or 

hydroxides than on magnetite, but the species are difficult to distinguish by X-ray diffraction or FTIR 

spectra. 

The coercivity 28.4 Oe and the saturation magnetization 65 emu g-1 of magnetite prepared by the 

coprecipitation method were reported in the literature.29 With increasing [FeCl3]/[pyrrole] ratio, the 

saturation magnetization increased from 3 to 51 emu g-1 (Figure 6), which exceeds the saturation 

magnetization 35.6 emu g-1 at 60 wt % magnetite reported in the literature,48 and the coercivity 

decreased from 112 to 12.6 Oe. The saturation magnetization of magnetite nanoparticles alone was 

55 emu g-1, i.e., lower than that of bulk magnetite, 92 emu g -1.48 



Figure 6. Magnetic properties of polypyrrole nanotubes/magnetite composites prepared at [FeCl3]/[pyrrole] = 2.5, 4, and 6 

and the comparison with magnetite prepared in the same manner in the absence of pyrrole. The inset illustrates the 

determination of coercivity. 

Let us further compare the samples at the various stages of preparation. The polypyrrole nanotubes 

prepared with [FeCl3]/[pyrrole] = 6 before ammonia treatment display the marginal saturation 

magnetization 0.1 emu g-1 and coercivity 323 Oe (Figure 7) probably due to the trace contamination of 

polypyrrole with iron compounds resulting from iron(III) chloride oxidant. 

 



Figure 7. Magnetic properties of polypyrrole nanotubes, polypyrrole nanotubes/magnetite composite prepared at 

[FeCl3]/[pyrrole] = 6, and the same composite after the reprotonation of polypyrrole. 

After treatment with ammonia and consequent generation of magnetite, the saturation magnetization 

increased to 51 emu g-1 and the coercivity dropped to 12.6 Oe. The subsequent reprotonation of 

polypyrrole with hydrochloric acid reduced the saturation magnetization to 3.5 emu g-1, the coercivity 

becoming 12.6 Oe as a result of the dissolution of some iron oxides, such as iron(II) oxide, 

accompanying magnetite. Magnetization thus was substantially reduced after the reprotonation of 

polypyrrole (Figure 7). 

 

3.10. Magnetorheology 

The rheological behavior of magnetorheological suspensions based on polypyrrole/magnet-ite 

composites prepared at [FeCl3]/[pyrrole] = 4 and 6 in the absence as well as in the presence of an 

external magnetic field was performed to illustrate the possible use of suspensions in magnetic-field-

responsive application. The systems exhibited typical behavior, and in the absence of the magnetic 

field, both suspensions behaved as pseudoplastic fluids, while a certain value of yield stress appeared 

after application of the external magnetic field as a consequence of developed aligned mesostructures 

of dispersed magnetized particles49 (Figure 8). The flow curves in the on-state can be generally divided 

into two regions. 

 



 

 

Figure 8. Double-logarithmic dependence of the shear stress on the shear rate for the prepared suspensions based on 

composite particles prepared at [FeCl3]/[pyrrole] (a) 4 and (b) 6 at various magnetic field intensities. 

The first is determined at the low-shear-rate region by the field-induced dipole interaction between 

dispersed particles, resulting in viscoplastic behavior. The second is determined at the high-shear-rate 

region by hydrodynamic forces, resulting in a standard flow character. In both cases, shear stresses 

were found to be higher for the system based on particles prepared at [FeCl3]/[pyrrole] = 4 rate, due 

to their higher volume content in the suspension, leading to increased rotational diffusion.50 

From the point of evaluation of magnetorheological performance, however, the difference between 

rheological parameters in the absence and in the presence of a magnetic field should be discussed. 

This increment is captured in Figure 9, which shows dependence of the ratio of TM/T0 on the shear  

rate, where τM and τ0 stand for shear stress in the presence of a magnetic field and in its absence, 

respectively. 



Figure 9. Efficiency of the prepared magnetorheological suspensions expressed as a ratio of shear stresses in the presence of 

a magnetic field (176 kA m-1), TM, and in its absence, T0. 

The highest ratio representing the highest increment in rheological parameters after application of the 

magnetic field was found for suspensions based on particles prepared at [FeCl3]/ [pyrrole] = 6 due to 

their higher saturation magnetization. Nevertheless, both systems exhibit inferior magnetorheological 

performance due to lower saturation magnetization and lower loading of the particles. On the other 

hand, the particles have a high potential to be used as an additive in conventional magnetorheological 

suspensions in so-called bimodal systems due to their mild magnetic properties and morphology, 

which can increase overall performance of suspensions, such as enhanced sedimentation stability and 

redispersibility,37,51,52 which will be further investigated. On the other hand, magnetorheological 

suspensions with similar effects as presented in this study can be used in various applications such as 

audio speakers where the high level of effect is not demanded.53 

 

4. CONCLUSIONS 

The study illustrates a simple way how to prepare conducting and magnetic composites of polypyrrole 

nanotubes and magnetite nanoparticles. Polypyrrole nanotubes are responsible for the enhanced 

conductivity of composites at the level of 1 S cm-1, magnetite for magnetic ones. The one-pot 

preparation based on the oxidation of pyrrole with excess of iron(III) chloride takes place under 



ambient conditions at room temperature, and it is completed in high yield within tens of minutes. The 

second step generates magnetite in the same reaction vessel after addition of ammonia followed. 

One-dimensional morphology of particles is of importance in rheology of suspensions,54 but the fact 

that the polypyrrole nanotubes are also conducting has not been exploited in this study. The 

conductivity, however, may provide an added value in specific applications. For example, the same 

systems can be used in magnetorhelogy and electrorheology55 or in electromagnetic radiation 

shielding32,35 when polypyrrole controls the reflection contribution, while magnetite supports the 

radiation absorption. In water-pollution treatment, polypyrrole is an efficient adsorbent of organic 

dyes,43,44 and adsorption can be affected by applied electric potential, while magnetite allows for the 

separation of adsorbent by a magnetic field. The combination of magnetic and electrical properties is 

thus of potential benefit. 
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