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Polyaniline + Fe + FeO + Fe30,4 composites were prepared as powder by a two-step process: (1) introduction of
FeO into oxidative polymerization of aniline and (2) electrochemical feduction of the powder deposited on a Cu
cathode in aqueous NaOH. The structure and morphological, features were studied by atomic emission spec-
troscopy, X-ray diffraction analysis and eleéetron microscopy. Fhe polyaniline-iron composites were used in
electrohydrogenation of p-nitrobenzoic d¢id (p-NBA). Their electrocatalytic activity in the process is due to the
formation of iron particles as a result of the electroehemical reduction of Fe?* cations in FeO. The electro-

catalytic activity is clearly demonstrated byhthe electrocatalytic hydrogenolysis of the intermediate hydro-
xylaminobenzoate to the aminobenzoate:Magnetic properties have been determined for the composite with
optimal FeO content before and after the eleetrocatalytic hydrogenation of p-NBA.

1. Introduction

The introduction of metal-containing inorganic compounds, in the
form of oxides, hydroxides, metal salts and their nanéparticlesyinto
polymer matrices makes it possible to obtain new cofposite materials
possessing specific physicochemical properties (optical, eleetrically
conductive, magnetic, catalytic, etc.) [1,2]. Polyaniline((RAni) is one of
the most promising electrically conductive polymers due’to the sim-
plicity of preparation, low cost of the initidl monomer and the ability to
change its physicochemical properties dependingion ‘the acidity of the
medium, the degree of oxidationgofithe polymer backbone and the
particle morphology [3]. Close attention isipaid to iron-containing PAni
composites due to the possibility, of creating materials with unique
magnetic and conductivegpropertiesgfdi;4-13]. The usual subjects of
research are metal-polymer composites with Fe3O, and Fe,O3 iron
oxides.

In our studiesfof polyaniline-metal composites [14,15], it was es-
tablishedgthat the\infroduction of the metal salt into the polymer by
chemical methods“followed by the use of the resulting composites to
activate a cathode in the electrochemical reduction of organic com-
pounds is@ccompanied by the formation of metal particles in the zero-
valence state. However, cathodic activation by PAni composites with
the introduced iron (II, III) salt does not lead to the reduction of its
cations, and the formation of composites with Fe®-particles.
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In this work, PAni + Fe® + FeO + Fe304 composites were prepared
by incorporating the FeO (wiistite) powder sonicated into oxidative
polymerization of aniline and subsequent reduction in an electro-
chemical cell. The electrocatalytic activity of the resulting iron-con-
taining composites toward the electrocatalytic hydrogenation of p-ni-
trobenzoic acid (p-NBA) has been studied. The hydrogenation product,
p-aminobenzoic acid, is of great practical importance, as it belongs to
the vitamins of group B and is a precursor in the synthesis of folic acid,
as well as participating in various other organic syntheses. It should be
noted that iron-containing composites without PAni
(Fe + FeO + Fe304), according to [16], exhibit stable and high elec-
trochemical characteristics when used as an anode material in lithium-
ion batteries.

2. Experimental

Iron-containing PAni composites were obtained by introducing the
FeO iron oxide into the reaction medium of oxidative polymerization of
aniline (ammonium persulfate was used as an oxidizer). The ratios of
aniline/FeO were 1:0.2, 1:0.4, 1:0.6, 1:0.8, 1:1 and 1:1.5. The iron
oxide was pre-treated with ultrasound in distilled water for 20 min. It
was then introduced into the reaction mixture after its pH had been
raised to 8 by an addition of 1 M NH,4OH solution. The resulting mixture
was left for 24 h. The precipitate was filtered off and washed with
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Table 1
Electrocatalytic hydrogenation of p-NBA on PAni + FeO composites.
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Entry Composites Iron content in 1 g of composite, g W, mL Hy/min (a = 0.25) #, % (a =0.25) @, % Q+ Qp Amin Current efficiency for stage II, %
1 Cu cathode - 3.7 34.6 70.1 30 + 225 13.92
2 Pb cathode - 6.2 60.3 80.2 75 + 127 28.21
3 PAni + FeO (1:0,2) 0.134 4.6 41.4 67.4 45 + 135 22.30
4 PAni + FeO (1:0,4) 0.284 4.3 38.0 73.1 45 + 165 19.79
5 PAni + FeO (1:0,6) 0.291 6.4 47.0 96.0 45 + 135 31.76
6 PAni + FeO (1:0,8) 0.326 5.6 54.2 82.8 60 + 150 24.66
7 PAni + FeO (1:1) 0.410 6.0 52.2 87.4 52 + 150 26.03
8 PAni + FeO (1:1) - 2 (Cu) 0.404 7.2 70.8 92.7 60 + 150 27.61
9 PAni + FeO (1:1) - 2 (Pb) 0.404 7.7 77.5 83.6 75 + 135 27.66
10 PAni + FeO (1:1,5) 0.486 3.6 30.4 90.3 30 + 165 24.45

distilled water, then with acetone, and dried at 80 °C. The PAni + FeO
(1:1) - 2 composite was re-synthesized later for a comparison of the
results of the electrohydrogenation of p-NBA on the Cu and Pb cath-
odes. Some disagreements with the previously obtained results for
Pani + FeO (1:1) composite deposited on a Cu cathode (see the data in
Table 1 below) are caused by difficulties in reproducing in the synthesis
of these composites all the fine details of the structure of the polymer
matrix (polyaniline) and the distribution of dopant particles therein,
which affect the properties of the composites.

The iron content (Fe>* and Fe>*) in the filtrates after the synthesis
of PAni composites was determined by atomic emission spectroscopy;
the iron content in the resulting powdered composites was then cal-
culated using the difference with the initial metal content in the FeO.

The structure and phase constitution of the synthesized PAni + FeO
composites were studied by X-ray diffraction (XRD) analysis on DRON-
2 diffractometer. Their morphological features were investigated using
a TESCAN MIRA 3 LMU scanning electron microscope.

Experiments on the electrocatalytic hydrogenation of p-nitrobenzoic
acid were carried out in a diaphragm electrochemical cell with an eX=
ternal magnet under the cathode, as described in [14,15]. Theson-
oxides-containing PAni composite (weighing 1g) was deposited on“a
horizontally placed copper cathode and for comparison, on\a lead
cathode. The current density was 1.19 kA/m? (I = 1.5 A ghe arealof.thé
visible cathode surface is 0.126 dm?), the temperature@0 “CyThe 75 mL
of 2% NaOH solution was used as a catholyte (anfanolyte <60 mL of
20% NaOH solution). At first, the PAni + FeQ compaesites were satu-
rated with hydrogen, until the ratio of gases evolved\V(H2)»V(0,) = 2:1
was established. Then, the organic compéund, (0.774.g of p-NBA) was
injected into the cell. The average rate of the"hydrogenation reaction
(W), hydrogen utilization coefficientg) and conversion of p-NBA (a)
were calculated by the following relations: W= AV,/ At (the average
rate was determined from  these data jup to a = 25%); n=[Q2V
(05) — V(H5)1/2V(05)] - L00%)at thegvdlue of a = 25%, and a = V,/
Viheor. 100%, where V, is@ volumeiof absorbed hydrogen at the reaction
time t determined using‘the volumes of gases evolved V,=k(2V
(05) — V(H,)) (ks a barometsic coefficient); Vineor. is the calculated
volume ofshydrogendfor complete hydrogenation of the nitro group in
the stafting amount of p-NBA.

The magnetic characteristics of PAni composite with an aniline/FeO
ratio of}1:0.6 before (1) and after (2) electrocatalytic hydrogenation of
D-NBA wete determined by the vibration method on the automated
system Cryogenic VSM CFS-9T-CVTI. The measurements were per-
formed at a temperature of 300K in the magnetic field range up to
40 kOe.

3. Results and discussion

Oxidative polymerization of aniline in a hydrochloric acid medium
using ammonium persulfate was discussed in detail in [17]. As a result,
polyaniline is obtained in the form of its hydrochloride salt (emeraldine
salt) which is a dark green color. In this work, iron oxide FeO was
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incorporated into the polymerization reactionimedium after adjusting
its pH to 8, therefore polyaniline in all the synthesized composites has
the shape of the emeraldine base, whichfhaslow elegtrical conductivity
properties.

The phase constitution of synthesized)RAni(+ FeO composites with
different aniline/FeO ratios before andaftertheir use as catalysts in the
electrohydrogenation of p-NBA'was studied byimeans of XRD analysis.
As an example, the X-ray diffractien patterns of PAni + FeO (1:1) - 2
composite are shownin Figmd.

It can be seen fromthe diffraction patterns that the phase con-
stitution ofi the compositeibefore electrohydrogenation (Fig. 1, a) con-
tains thegerystalline phases of the introduced wiistite (FeO) and mag-
netite (FegO,4)\in‘addition to the amorphous phase of the polymer. The
intensity ofythe \peaks corresponding to wiistite in the diffraction pat-
terns 'oflall composites is higher than the intensity of magnetite peaks,
which'indieates'a higher content of FeO compared with Fe;0,. It should
be“meted that the initial FeO powder also contains magnetite in a
smaller amount than wiistite. In the X-ray diffraction pattern of the
composite, there is also one weak peak with an interplanar distance
d=270A relating to hematite (a-Fe,03). That means that Fe,O3 oxide
is present in small amounts in the phase constitution of PAni + FeO
composites.

It can be seen from the XRD pattern of PAni + FeO (1:1) - 2 com-
posite after the hydrogen saturation stage (Fig. 1, b) that already at this
stage, crystalline phases of iron in the zero-valence state appear in the
composite as a result of the electrochemical reduction of Fe>* cations
in FeO. This is confirmed by a decrease in the intensity of the iron oxide
peaks. We can also note a certain relative decrease in the intensity of
the peak at d = 2.53 A, which belongs to magnetite. However, ver-
ification experiments with Fe;0, powder deposited on a Cu cathode did
not reveal its ability to effect the electrochemical reduction under the
same conditions described in the Experimental section.

The XRD pattern of PAni + FeO (1:1) - 2 composite deposited on a
Cu cathode after electrocatalytic hydrogenation of p-NBA (Fig. 1, c) is
almost the same as the XRD pattern for the composite after the hy-
drogen saturation stage (Fig. 1, b), but with a higher peak for Fe® re-
latively to the FeO peak. Fe° crystalline phases with their distinctive
peaks in the XRD patterns are present in all the composites after the
hydrogenation process. However, there is no correlation between the
increase in the amount of FeO introduced and the increase of metallic
iron (Fig. 2, a—d).

The PAni + FeO (1:0,6) and PAni + FeO (1:1) composites show the
highest content of reduced iron, according to the intensity of the peaks
in their XRD patterns (Fig. 2, a and c). An increase in the amount of iron
(II) oxide introduced into the polymer to an aniline ratio of 1:1.5 leads
to the formation of crystalline phases of zero-valence iron with peaks of
much lower intensity (Fig. 2, d). Because it is the Fe® metal particles
that catalyze the hydrogenation of the nitro-aromatic compound under
investigation, the electrocatalytic activity of the synthesized composites
should depend on Fe° content.

According to the XRD pattern of PAni + FeO (1:1) - 2 composite
deposited on a Pb cathode after electrocatalytic hydrogenation of
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Fig. 1. XRD patterns for PAni + FeO (1:1) - 2 composite (a) before electrocatalytic hyerti
electrocatalytic hydrogenation of p-NBA on the composite supporting Cu cathode and (d) Pb catho

f p-NBA; (b) after hydrogen saturation stage and (c) after

p-NBA (Fig. 1, d), the content of iron crystalline phases relative to FeO
becomes higher in this composite than in the composite deposited on a
Cu cathode. This indicates that the electrochemical reduction of iron
cations on a Pb cathode with a high hydrogen overvoltage is mor
complete than on a Cu cathode with a lower hydrogen overvoltage.

Looking at the SEM micrographs of PAni + FeO (1:1) composi
before hydrogenation of p-NBA (Fig. 3, a), the particles of FeO/p
sonicated prior to their introduction into the polymer
clearly visible in the form of separate round particles with a dia

in clusters of two or more monoparticles. The
ase, consists of chaotically located short nanotubes
nm in diameter) forming a rather loose structure of the
s a whole. Micrographs of this composite after its application
e electrocatalytic process (Fig. 3, b) show that the present iron-
aining cluster formations also consist of coarse particles and
aller round ones. The polymer itself (in the form of the PAni base),
like' in the composite before electrohydrogenation, has a loose net
structure and consists of short nanotubes with a diameter of
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Fig. 2. XRD patterns for PAni + FeO composites with aniline/FeO ratios of (a) 1:0.6; (b) 1:1; (c) 1:0.8; and (d) 1:1.5 after electrocatalytic hydrogenation of p-NBA.
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Fig. 3. SEM micrographs of PAni + FeO (1:1) cd @ befo

mical ele-
in the

~40-90 nm. At the same time, the presence of S an
ments was detected on its surface, but in smaller
composite before the electrohydrogenation process
The synthesized PAni + FeO composites
ratios were deposited on a Cu cathode s an d as catalysts in
the electrochemical reduction of p-NBA (Ta For comparison, the
results of the electrochemical reduetion of p-NBA on Cu and Pb cath-
ytic hydrogenation of
sing supporting Cu and Pb

unts

iline/FeO

cathodes under the same
of the amount of electri
duration of the separate h
time excess) and
ciency fo ermined from the relation Qy(theor.)/
theor.) is corrected by taking into account
ion of p-NBA is not complete).
data in Table 1 it follows that the electrochemical re-
of p-NBA (in the form of its sodium benzoate) on the Pb
cathode with/a high hydrogen overvoltage passes more intensively than
on the Cu cathode with a low hydrogen overvoltage. A copper cathode
with its ability to adsorb atomic hydrogen can participate both in
electrochemical reduction of p-NBA (electronation-protonation me-
chanism (EP)) and in its electrocatalytic hydrogenation (ECH), pro-
moting the formation of an amino product. On a Pb cathode, the me-
chanism of reduction should be the EP mechanism (the current is due to
the electronation of p-NBA) and, therefore, the reduction should
stopped at the p-hydroxylaminobenzoate (not reducible by electron
transfer in a basic medium). The mechanisms of electrohydrogenation
of nitroaromatic compounds were studied in detail in the works

y (]
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and (b) after electrocatalytic hydrogenation of p-NBA.

[18,19]. Perhaps the high values of the ER rate of p-NBA and its con-
version on the Pb cathode (calculated with allowance for the volume of
absorbed hydrogen) are due to side processes.

Regarding the ER of p-NBA on the Cu cathode, its hydrogenation
rate and conversion with the use of PAni + FeO composites increase
noticeably (compare entry 1 with entries 3-8, especially for composites
with PAni/FeO ratios of 1:0.6 and 1:1 (entries 5, 7 and 8 respectively).
The  electrocatalytic = hydrogenation of p-NBA on the
PAN + Fe® + FeO + Fe;04 composite formed from PAni + FeO (1:1) -
2 composite deposited on the Pb cathode (Fig. 2, d) is carried out at a
higher rate, greater hydrogen utilization coefficient, but close to other
parameters of the ER process on the Pb cathode (entries 9 and 2).

Comparison of the results of the ECH of p-NBA with the participa-
tion of the PAN + FeO (1:1) - 2 composite deposited on Cu and Pb
cathodes (entries 8 and 9 in Table 1) shows the same values of the
current efficiency, slightly differing reaction rates and hydrogen utili-
zation coefficients, and a slightly higher conversion of p-NBK (a) on a
copper cathode. The data suggest that the support (Cu or Pb) has a
negligible influence on the ECH process. This is in a good agreement
with the conclusions of our work [14] dedicated to copper-containing
PAni composites.

The iron content (in the forms of FeO and Fe;0,) in 1 g of initial
PAni + FeO composites is rather high. However, the increase in the
average hydrogenation rate of p-NBA is not influenced significantly by
this parameter. The average hydrogenation rate does depend on the
amount of metallic iron in the composite and on its accessibility for the
adsorption the organic compound. Apparently, aniline/FeO ratios of
1:0.6 (entry 5) and 1:1 (entries 7, 8, and 9) are optimal for the best
reduction of iron cations in FeO oxide under the given conditions. The
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Table 2
Magnetic characteristics of PAni + FeO (1:0.6) composite.
Composite Ms, emu/g My, emu/g H,, Oe
1 11.5 1.26 177
15.3 1.26 160

current efficiency is also the highest for these three entries.

For PAni + FeO (1: 1) - 2 composites before and after the electro-
hydrogenation process, the specific surface area values were de-
termined (BET method, Sorbi MS instrument), and found to be 31.3 m?/
g and 23.7m?/g, respectively. It is obvious that the forming
PAni + Fe® + FeO + Fe;0, cathodic coating with a large specific sur-
face affects the hydrogen overvoltage potential, which decreases in
alkaline catholyte solution [20,21], and electrohydrogenation of p-NBA
as a whole.

In spite of the fact that, in this work, the electrohydrogenation
products were not isolated and identified, it can be assumed, referring
to the studies carried out in [18,19], that the electrohydrogenation of
p-NBA in an alkaline medium on the novel PAni + Fe® + FeO + Fe;0,
cathodic coating with a large specific surface area includes both me-
chanisms (EP and ECH), and the main product is p-aminobenzoic acid.

The powders of the initial PAni + FeO + Fe304 composites de-
posited on a horizontally located cathode are maintained on its surface
by an out-cell magnet. In the course of the studies, it was observed that
composites after electrohydrogenation of p-NBA have better magnetic
properties than the initial composites. Table 2 reports the magnetic
properties of the composite PAni + FeO (1:0.6) before (1) and after (2)
electrohydrogenation of p-NBA: Mjs is the saturation magnetization, M,
the residual magnetization, and H, the coercive force. This composite
was chosen because of its good performance as an electrocatalyst (see
Table 1, entry 5).

According to the data in Table 2, composite 2 is characterized by

phases of metallic iron in the constitution of composite 2.
iron- and iron-oxides-containing PAni composites wit]
characteristics can be classed as soft magnetic materials
applications in a variety of fields.

4. Conclusions

PAni + FeO + Fe304 composites were prepa
of iron (II) oxide into the reactio
of aniline. The composites depos
electroactive in the electroc

by the introduction
ative polymerization
owder on a Cu cathode were

ity was evidenced by the hy-
drogenolysis of the i -hydroxylaminobenzoate to the
aminobenzoate and
electrochemical reduction of Fe** ca-

e magnetic properties of PAni + FeO (1:0.6)
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