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1. Introduction
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nanostructures to nitrogen-containing
carbons and its impact on the adsorption
of organic dye

® Miroslava Trchova, (2 ¢ Zdenka Kolska, 2 9

e

*3 Miroslav Kohl,
@ lvo Kfivka (2 € and Jan Proke$

Jaroslav Stejskal,
Michal Pekarek,

New types of materials were produced by gradual heating of a conducting polymer, polypyrrole, to elevated
temperatures. Three polymers differing in morphology — globules, nanofibers, and nanotubes — were
exposed to temperatures from 100 to 700 °C in an argon atmosphere. The yields always exceeded 50 wt%,
and the morphological features of the polymer were preserved. The transformation of polypyrrole salts to the
corresponding bases followed by the carbonization was monitored by FTIR spectroscopy. The elemental ana-
lysis confirmed the subsequent conversion of polypyrrole to nitrogen-containing carbon. The specific surface
areas were of the order of tens of m? g% they increased from globules to nanotubes and nanofibers but
were virtually independent of the exposition temperature. The conductivity of the powders was compared
with that of the pellets when their preparation was possible. As the temperature was increased up to 400 °C,
the conductivity decreased for all samples by ca. 5 orders of magnitude, e.g., for nanofibers from 10 to
107 S cm™* but recovered to 1071 S cm™! after the subsequent carbonization up to 700 °C. Polypyrroles
exposed to various temperatures were then tested for the adsorption of organic dye, Reactive Black 5, from
water. The dye adsorption on original polypyrroles strongly depended on the polymer morphology.
Polypyrrole nanofibers were able to remove the dye completely with a capacity of 100 mg g~ while the
adsorption on polypyrrole globules was poor. The adsorption efficiency thus increased from globules to
nanotubes and nanofibers. The adsorption performance was reduced after the carbonization, but the general
trends were preserved.

applications.” The environmental issues presented by water-
pollution treatment have also stimulated the generation of a vast

Conducting polymers, such as polyaniline and polypyrrole,
have been of interest for a long time due to their electronic
conductivity at the semiconductor level and the ease of their
preparation.” The properties not directly associated with con-
ductivity, such as electroactivity and responsivity to external
stimuli, electrocatalytic activity, or polarizability, have recently
come to the forefront.>* The mixed contribution of electronic
and ionic conductivity makes these polymers attractive for bio-
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amount of literature that concerns the application of conducting
polymers as adsorbents of organic dyes and toxic heavy-metal ions.>”
This field also opens new perspectives for the ring-substituted
derivatives of conducting polymers, e.g., polyphenylenediamines,®
that have been regarded so far to be of marginal importance due to
their low conductivity.

The present study concerns the gradual conversion of polypyr-
role to nitrogen-containing carbons and its impact on the adsorp-
tion of organic dyes. It is generally anticipated that the increase in
the specific surface area of adsorbents would be of benefit to the
adsorption capacity. The tuning of morphology represented by the
preparation of one-dimensional morphologies, such as nanotubes
or nanofibers, instead of globules, and reduction of their sizes is
one of the approaches.”'° For that reason, three different polypyr-
role morphologies, globules, nanofibers and nanotubes, have
been compared in the present study.

Thermal treatment is another way to affect the surface area
in conducting polymers at the expense of the changes in their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecular structure and conductivity.'* When heating polypyr-
role hydrochloride, the loss of acid associated with the depro-
tonation might have some effect on mesopore formation and
increase the specific surface area. The specific surface area of
globular polypyrrole increased from 75 m* g~ ' to 211 m” g * after
being exposed to 650 °C in an inert atmosphere.'? The carboniza-
tion and activation at the same temperature produced carbon
materials with a specific surface area exceeding 1000 m?> g~ *.**°
The reported results are compared with those obtained in the
present study.

Polypyrrole nanotubes are of special interest due to their uni-
form morphology.™ They convert similarly to nitrogen-containing
carbon nanotubes™*'*2° and can be applied as new nanostruc-
tured nitrogen-enriched carbons. The carbonization of polypyrrole
nanotubes improved the specific surface area from 86 m®> g ' to
105 m> g '.?° A specific surface area enhancement after
carbonization,” viz. 205 m®> g ''® and 257 m* g~ ' ' has also
been reported. The carbonized polypyrrole nanotubes offer an
alternative to multiwalled carbon nanotubes from the morpho-
logical point of view but their structure and properties are
different. They are suitable for energy-storage devices, such as
electrochemical capacitors®>*® or as electrocatalysts of oxygen
reduction reaction,”** and in the catalysis of organic trans-
formations,"” where the combination of conductivity and elec-
troactivity with a high specific surface area is of benefit.

Polypyrrole has been studied as an adsorbent of rather
universal character. Its applications as dye adsorbents or
photocatalysts in dye decomposition have received the most
attention” in addition to the removal of toxic chromium(vi),>**”
heavy-metal ions,®?® drugs and cosmetics,?® hydrocarbons>® or
influenza viruses.*' Despite the expected activity of carbonized
analogues of polypyrrole, nitrogen-containing carbons have
received only marginal attention. For example, the adsorption
capacity of alkali-activated carbonized polypyrrole for methyl
orange was reported to exceed 500 mg g~ '.*?

The present study merges the two research strategies outlined
above: (1) the preparation of polypyrrole with a controlled nano-
structure and (2) its gradual conversion to nitrogen-containing
carbonaceous materials followed by testing in the adsorption of
organic dye. Attention has especially been paid to the relation
between the polypyrrole morphology and dye adsorption
performance.

2. Experimental

2.1. Preparation

Three polypyrroles with different morphologies have been
selected for the present study. Globular polypyrrole was pre-
pared by the classic oxidation of 0.2 M pyrrole with 0.5 M
iron(m) chloride in aqueous medium at room temperature
(Fig. 1). Polypyrrole nanofibers were synthesized similarly using
0.2 M pyrrole and 0.2 M iron(m) chloride in the presence of
0.01 M Acid Blue 25 dye.** Finally, polypyrrole nanotubes
originated in the oxidation of 0.05 M pyrrole with 0.05 M
iron(m) chloride along with 0.0025 M methyl orange (Acid

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The oxidation of pyrrole with iron(i) chloride to polypyrrole.

Orange 52).2'%3* Ppolypyrroles were obtained as intractable
fluffy black powders that could be compressed to pellets for
conductivity determination. All chemicals were of analytical
grade supplied by Sigma Aldrich and used as delivered.

The preparative pyrolysis of polypyrrole was carried out with
1-2 g samples placed in quartz-glass containers and heated in a
cylindrical furnace Clasic 10013T (Clasic CZ Ltd) under argon at
the rate of 5 °C min~" to the desired temperature. After reaching
the target temperature, the power was switched off and the
samples were left to cool still under an inert atmosphere.

2.2. Characterization

Morphology was observed using a scanning ultra-high-resolution
electron microscope MAIA3 Tescan. Thermogravimetric analysis
was carried out using a PerkinElmer Pyris 1 Thermogravimetric
Analyzer in the temperature range 30-850 °C at a 5 °C min ™" rate
and 20 mL min ' nitrogen flow. Contents of carbon, hydrogen
and nitrogen were determined using PerkinElmer 2400 Series II
CHNS/O Analyzer.

Specific surface area and pore volume were determined from
the adsorption and desorption isotherms on a NOVA3200 (Quan-
tachrome Instruments) using NovaWin software. Samples were
degassed for 24 h at 100 °C, then nitrogen adsorption and
desorption isotherms were recorded (Linde, 99.999%). Five-point
Brunauer-Emmett-Teller (BET) analysis has been applied for the
total surface area determination and the 40-point Barrett-Joyner-
Halenda (BJH) model for determining pore volume. Each sample
was measured four times with an experimental error of 5%.

The conductivity was determined by the four-point van der
Pauw method on pellets 13 mm in diameter and ca. 1 mm in
thickness prepared at 527 MPa in a hydraulic press when such a
preparation was feasible. The set-up used the current source
Keithley 220, a Keithley 2010 multimeter and a Keithley 705
scanner with a Keithley 7052 matrix card. The powders have
also been characterized using the van der Pauw method when
compressed at 10 MPa in a lab-made cylindrical glass cell with
an inner diameter of 10 mm between an insulating support and
a glass piston carrying four platinum/rhodium electrodes on
the perimeter of its base. The pressure was controlled using
an L6E3 load cell (Zemic Europe BV, The Netherlands). The
set-up for in situ resistivity determination was the same as that
described above.

Mater. Adv., 2021, 2, 706-717 | 707
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Fig. 2 Reactive Black 5.

The FTIR spectra of the powdered samples were analysed using
a Nicolet 6700 spectrometer (Thermo-Nicolet, USA) equipped with
reflective ATR extension GladiATR (PIKE Technologies, USA) with
a diamond crystal. Spectra were recorded in the 4000-400 cm ™"
region using a DLaTGS (deuterated r-alanine doped triglycine
sulfate) detector at a resolution of 4 cm™ ", 64 scans and Happ-
Genzel apodization.

2.3. Dye adsorption

The anionic dye, Reactive Black 5, has been selected as sorbate
(Fig. 2). 50 mg portions of polypyrrole were suspended in 50 mL
of the dye solution in water (100 mg L") at room temperature
and occasionally stirred gently. The dye/adsorbent mass ratio
was 0.1. UV-vis spectra of the dye solution were recorded in
relation to time in a 0.2 cm quartz cell using a PerkinElmer
Lambda 20 UV-Vis spectrometer.

3. Results and discussion

3.1. Morphology

Polypyrrole can be prepared by the oxidation of pyrrole with
iron(m) chloride in a variety of morphologies. The ordinary
globular morphology transforms to one-dimensional nanofi-
bers or nanotubes when the oxidation of pyrrole takes place in
the presence of various organic dyes® (Fig. 3, left), such as
methyl orange'®'”*® or Acid Blue 25 used in the present study.
The presence of a cavity inside the nanotubes”'? and its absence
in nanofibers® has been earlier demonstrated by transmission
electron microscopy. The individual polypyrrole morphologies
differ in properties, and enhancement of conductivity and
specific surface area is observed for one-dimensional types.’

It has been well established that the general features of
morphology become preserved after carbonization except for
some shrinkage'®'”* (Fig. 3, right). The gradual conversion of
a conducting polymer to a nitrogen-containing carbon analogue
and the associated changes in material properties were thus
investigated in more detail.

3.2. Thermal treatment

Introductory thermogravimetric analysis revealed the conversion
of polypyrrole to nitrogen-containing carbon at the analytical
scale for all three polypyrrole samples differing in morphology
(Fig. 4). Polypyrrole globules, nanofibers and nanotubes followed
a similar pattern.
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The preparative carbonization copies the trend observed in
thermogravimetry and the residues left after the thermal exposure
exceed 50 wt% (Fig. 5). The residues left at 650 °C were 50.6 wt%
for globules, 61.5 wt% for nanofibers, and 60.8 wt% for nano-
tubes. The yield was sufficiently high to allow for the economic
production of carbonized polypyrrole.

The scenario of the changes occurring in polypyrroles during
thermal treatment is suggested to proceed as follows: (1) in the
temperature region of 100-200 °C, the removal of residual
humidity and starting of deprotonation take place (Fig. 6) when
polypyrrole salts convert to corresponding bases by releasing
hydrochloric acid*®?° (Fig. 7). (2) This stage is followed by the
gradual transformation of polypyrrole to nitrogen-containing
carbon and the associated change in the molecular structure. (3)
The next stage is the ripening of carbonized polypyrrole associated
with continuing mass loss above 400 °C. This hypothesis is com-
pared below with the elemental analysis and FTIR spectroscopy.

3.3. Composition

The changes in the elemental composition with temperature are
illustrated only for the globular polypyrrole (Fig. 8) because, based
on the residual masses (Fig. 5), they are expected to be the same
for all three polypyrrole morphologies. The compositional trends
are in accordance with the earlier analysis of the carbonization of
polypyrrole nanotubes.'"'®

The theoretical composition (wt%) calculated for the idealized
segment of polypyrrole salt C;6H;,N,Cl, (Fig. 7) is 58.01% C,
3.63% H, 16.92% N, 21.45% Cl, and similarly for the polypyrrole
base C6H (N, it is 74.42% C, 3.88% H, 21.71% N. The content of
all elements is lower than this expectation (Fig. 8), obviously due
to the presence of other elements, such as oxygen or chlorine. The
marked presence of oxygen atoms is rather puzzling. In principle,
the presence of complex counter-ions FeCl, could account for the
presence of other atoms. A small residue of ~2 wt% found after
thermogravimetric analysis in air,"*** however, does not favour
this hypothesis. The inorganic residue in globular polypyrrole
determined in the present case as ash was 2.62 wt%. Iron
compounds thus cannot account for the presence of atoms other
than C, H, and N.

The carbon content steadily increased as the exposure tempera-
ture increased (Fig. 8). This is mainly due to the deprotonation
of polypyrrole salt which liberates hydrochloric acid (Fig. 7) and
converts to a carbon-richer polypyrrole base. This trend con-
tinues above 400 °C due to the starting carbonization. The
hydrogen content decreases both due to the deprotonation and
subsequent carbonization, when single bonds are replaced by
double ones.

The fraction of nitrogen passes through a maximum. Its
relative participation increases at first as the hydrochloric acid
is released from the polypyrrole salt, i.e. the atoms like chlorine
leave (Fig. 8). Above 400 °C the nitrogen content is reduced in
response to the decreasing C/N atomic ratio (Fig. 9), when the
five-membered pyrrole containing four carbon atoms obviously
converts to a six-membered graphitic-like structure. The nitrogen
content nevertheless stands above 12 wt% and the carbonized
products can be regarded as nitrogen-containing carbons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electron scanning micrographs of polypyrrole globules, nanofibers and nanotubes before (left) and after heating to 650 °C (right).

3.4. Specific surface area

Having in mind the application of conducting polymers and their
carbonized analogues for the adsorption of organic dyes, the
specific surface area is a parameter of interest. The specific surface
area of the globular polypyrrole 12.4 m® g~ is close to the values
data reported in the literature, 10.6 m* g ' ** or 12.1 m* g~ ~.*° The
specific surface area of one-dimensional morphologies was higher
as a rule'® but still of the order of tens of m* g~ ****"** also in
agreement with the present data on polypyrrole nanofibers and
nanotubes (Table 1). The different specific surface areas are also
demonstrated in adsorption/desorption isotherms (Fig. 10) for all
original samples - globules, nanofibers and nanotubes.

The higher pore volume (Table 2) corresponds to the higher
specific surface area, and increases from globules to nanotubes

and nanofibers. The comparison of pore sizes and size distribution

© 2021 The Author(s). Published by the Royal Society of Chemistry

for original globules and nanofibers clearly demonstrates that
nanofibers have larger pores in comparison with the globular
sample (Fig. 11).

The exposure of polypyrrole nanostructures to 650 °C had no
notable effect on the specific surface area (Table 1). This is in the
contrast to the literature, which reports a marked increase in the
specific surface area to hundreds of m® g ' with increasing
temperature.'®'®**** Also, the pore volume was somewhat
dependent on the processing temperature (Table 2). The effect
of increasing surface area and pore volume is perhaps visible
only for nanofibers and nanotubes, when pore volume increased
after heating.

3.5. Conductivity

The conductivity is a basic parameter of polypyrrole studies.
Conductivities of 0.23, 16.2, and 16.3 S cm™ ' were found for

Mater. Adv., 2021, 2, 706-717 | 709
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Fig. 5 Residual mass after preparative exposure of polypyrrole in argon to
elevated temperatures.

polypyrrole globules, nanotubes and nanofibers, respectively. After
being exposed to elevated temperature, the conductivity of all three
polypyrroles followed the same trend (Fig. 12). It gradually
decreased at first with temperature increasing to 400 °C and
levelled at the order of 10~* S ecm ™. This is explained by gradual
conversion of polypyrrole salt to a less conducting base.*® The
trend is reversed after 400 °C and most of the conductivity is
recovered due to the carbonization, which generates new double
bonds and converts polypyrrole to a conjugated graphitic structure.

Many polypyrrole samples exposed to elevated temperature
could not be compressed to a pellet for the routine conductivity
measurements. In such cases, the conductivity was determined
by using a four-point van der Pauw method on the powder
compressed to 10 MPa by a method specifically developed for
this purpose (c¢f Experimental). As expected, the conductivity
values determined on powders were somewhat lower than
those obtained with pellets compressed at 527 MPa but within
the same order of magnitude (Fig. 12) and provided a good
estimate of the material conductivity.

710 | Mater. Adv., 2021, 2, 706-717
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3.6. FTIR spectra

Vibrational spectroscopy is a potent tool to identify and
describe the changes at the molecular level. The deprotonation
of polypyrrole and its starting decomposition processes outlined
above can be conveniently followed by FTIR spectroscopy
(Fig. 13). The different morphologies of the initial polypyrrole
globules, nanofibers and nanotubes are reflected in their infra-
red spectra.'® The polaron band above 1700 cm ™" characteristic
for conducting polymers is more pronounced in the spectra of
nanofibers and nanotubes. This correlates well with their higher
conductivity. The main band of globular polypyrrole situated at
1536 cm™' (C-C stretching vibrations in the pyrrole ring) is
shifted to 1518 cm ™! in the spectra of nanofibers and nanotubes.
The starting deprotonation is characterized mainly by the
decreasing polaron band and by its shift to 1553 cm™" in the
spectrum of globular polypyrrole and to 1548 cm ™" in the spectra
of nanofibres and nanotubes. This happens at 300 °C for
globules, at 150 °C for nanofibers and at 200 °C for nanotubes.
The deprotonation is reflected also in the shifts of other bands in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The carbon/nitrogen atomic ratio in polypyrrole after heating to
various temperatures.

the infrared spectra: the band with the maximum at 1438 cm ™"

(C-N stretching vibrations in the ring) in the spectrum of
globules shifts to 1467 cm ™', and from 1425 and 1439 cm™ " to
1462 and 1468 cm ™ for nanofibers and nanotubes, respectively.
The band with a maximum at 1287 cm™* (C-H and C-N in-plane

© 2021 The Author(s). Published by the Royal Society of Chemistry

Table 1 Specific surface area (in m? g%) of polypyrroles exposed to
various temperatures

Morphology 20 °C 200 °C 400 °C 650 °C

Globules 12.4 £ 0.2 13.0 £ 1.2 21.5 £ 4.4 12.6 £ 0.4
Nanofibers 65.1 £ 2.1 68.6 £ 1.5 71.0 £ 8.7 87.0 £ 3.7
Nanotubes 45.2 + 8.8 48.0 £ 7.0 58.3 £2.7 55.9 £ 0.6

deformation modes) in the spectrum of globules remains at this
position, but shifts from 1271 to 1298 cm ™" and from 1278 to
1293 cm ™! for nanofibers and nanotubes, respectively. The band
situated at 1149 cm ™" (breathing vibrations of the pyrrole ring) in
the spectrum of globules shifts to 1178 em™*, and shifts from
1123 t0 1170 cm ™' and from 1120 to 1170 cm ™" in the spectra of
nanofibers and nanotubes. The deprotonation also manifests
itself by the relative decrease in the ratio of the intensity of the
peak situated at 1001 cm ' (C-H out-of-plane deformation
vibrations of the ring) to that at 1041 cm " (C-H and C-N in-
plane deformation vibrations) in the spectrum of globules, and
of 990 to 1029 cm ™! for nanofibers, and of 993 to 1028 cm™* for
nanotubes. The described changes in the infrared spectra of
polypyrrole globules, nanofibers and nanotubes after heating in
this region of temperatures correspond well to the changes
observed in the spectra of polypyrrole after deprotonation using

Mater. Adv., 2021, 2, 706-717 | 711
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Table 2 Pore volume (in cm® g™%) of polypyrroles exposed to various
temperatures

Morphology 20 °C 200 °C 400 °C 650 °C

Globules 0.060 & 0.004 0.035 % 0.001 0.046 =+ 0.005 0.034 £ 0.004
Nanofibers 0.240 + 0.077 0.224 + 0.038 0.258 & 0.125 0.290 £ 0.001
Nanotubes 0.135 + 0.031 0.165 + 0.009 0.174 + 0.007 0.177 £ 0.007
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—=— globules
. —e— nanofibers

0.003

0.002
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0.001

0 20 40 60 80 100
Pore radius, A

Fig. 11 Pore size distribution of original globules and nanofibers.

1 M ammonium hydroxide.*® The transformation of polypyrrole
to carbon-like materials has been observed after heating above
400 °C for all morphologies: globules, nanofibers and nano-
tubes. This is demonstrated by the presence of two broad bands
with maxima at 1553 and 1178 ¢cm ' in the spectrum of
globular polypyrrole, at 1570 and 1150 em™" for nanofibers,
and at 1565 and 1128 cm ™' in the spectrum of nanotubes.’”
The first one emerged from C-C stretching vibrations in the
pyrrole ring and the second one from breathing vibrations of
the pyrrole ring. They are characteristic of the Raman spectra of
carbon-like materials (G- and D-bands)'®*> and they are inac-
tive in the FTIR spectra. In disordered samples, however, they
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Fig. 12 The conductivity of polypyrrole powders determined after expo-
sure to specific temperature under 10 MPa compression (open symbols) and
of corresponding pellets prepared at 527 MPa: (a) globules, (b) nanofibers,
(c) nanotubes.

become IR-active because of symmetry-breaking of the carbon
network and the presence of the nitrogen atom in the structure.

4. Application

Conducting polymers may be applied in various directions not
always exploiting the conductivity.® For example, it has been

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 ATR FTIR spectra of polypyrrole (a) globules, (b) nanofibers, and
(c) nanotubes exposed to various temperatures.

demonstrated in a number of papers that conducting polymers can
efficiently adsorb organic dyes or stimulate their photocatalytic
decomposition” and thus be considered in environmental issues,
such as water-pollution treatment. It was the purpose of this study
to discuss factors that might affect or control the adsorption of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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organic dyes on polypyrrole and its heat-treated analogues. They
are represented by electrostatic ionic and n-r interactions, hydro-
gen bonding, and hydrophobic or dispersion forces of the van der
Waals type. It is believed that the observed interaction between
conducting polymers and dyes is due to m—r interactions in the
conjugated structure that both moieties share. Polypyrrole is a
polycation but as it adsorbs well both the anionic and cationic
dyes,” the electrostatic interactions are therefore believed not to be
operational. Other types of interactions are expected to be of
secondary importance. An anionic dye, Reactive Black 5 (Fig. 2),
has been selected as an example for the adsorption feasibility
study. The authors are aware that the results for other dyes, under
various acidity conditions, and concentrations of a dye and an
adsorbent might provide different results.

4.1. Original polypyrroles

The changes in the dye concentration due to the adsorption on
conducting polymers can be followed by UV-vis spectroscopy,
when the relative decrease of the dye is proportional to the
corresponding optical absorbance at local maxima as follows
from the Lambert-Beer law (Fig. 14). Over 95% of dye was
removed from the aqueous medium by polypyrrole nanofibers
within the allocated time of several days (Fig. 14 and 15). This
means that the adsorption capacity of polypyrrole nanofibers
was at least close to 100 mg g~ .

The course of the dye adsorption can be also expressed as a
residual fraction C/C, of the original dye concentration C,
(Fig. 16), which is directly linked to the decrease in the
corresponding optical absorbance. It is obvious that globular
polypyrrole is the least efficient of the three morphologies, and
nanotubes approach the performance of nanofibers that perform
the best. The correlation with the specific surface area and pore
volume of polypyrrole is obvious. The adsorption efficiency
order, from globules to nanotubes and nanofibers, is maintained
also for the polypyrroles treated at elevated temperature (Fig. 16),
indicating that the specific surface area is always one of the
parameters controlling the adsorption.

T T
t(min) =0
06} AN -
Amax = 598 nm

8 N\
S 04 F\ PPy nanofibers b
2 + Reactive Black 5
2
8
<

0.2 B

0.0

400 600 i 800
Wavelength, nm

Fig. 14 The decrease in the optical absorbance of the Reactive Black 5
solution with time, t. 5 mg of Reactive Black 5 and 50 mg of polypyrrole
nanofibers in 50 mL of water; 20 °C.
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Fig. 15 The solution of Reactive Black 5 before (left) and after adsorption
of the dye by polypyrrole nanofibers (right).

4.2. After treatment at 100-250 °C

The adsorption efficiency of polypyrrole treated at 200 °C is
significantly lower (Fig. 16). The polypyrrole polycation is con-
verted at least partly to a neutral polypyrrole base, as confirmed
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by the conductivity decrease (Fig. 12) and FTIR spectra (Fig. 13).
Ionic interactions can be ruled out after the deprotonation of
polypyrrole but they are not believed to be responsible even in
the protonated form. It is rather the higher hydrophobicity of the
polypyrrole base compared with that of the original polypyrrole
salt that affects the interaction between the conducting polymer
and a dye.

4.3. Above 400 °C

After treatment of the polypyrroles above 400 °C, the number
of potential interactions is likely to be lower due to the
reduced number of n-n interactions as the molecular struc-
ture of polypyrrole becomes disordered. As a result, the
material’s ability to adsorb a dye decreases (Fig. 16). The
hydrogen bonding, e.g., between amino groups in dyes and
the nitrogen atom still incorporated in the carbonized struc-
ture would be still possible. Please note that the ratio C/C,
formally exceeds unity (Fig. 16). This is due to the disper-
sion of fine non-sedimenting carbonized particles that create
a grey background shifting the dye spectrum to higher
absorbances.
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Fig. 16 Relative decrease in the concentration of Reactive Black 5, C/C, in the presence of globular polypyrrole (black squares), polypyrrole nanotubes
(red triangles) and nanofibers (blue circles) dispersed in water. Polypyrroles were exposed to 200, 400 or 650 °C prior to the dye adsorption test. Original

dye concentration Co = 100 mg L™, polypyrrole adsorbent: 1 g L™, 20 °C.
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5. Conclusions

The objective of the manuscript was (1) to study the gradual
conversion of conducting polypyrrole to nitrogen-enriched carbon,
(2) to compare the behaviour of individual morphologies (globules,
nanotubes, and nanofibers), and (3) to illustrate one of the
potential applications of prepared materials, organic dye adsorp-
tion. The important conclusions with respect to conductivity are
(a) the conductivity differs substantially for the individual poly-
pyrrole morphologies and (b) it decreases with temperature of
exposure at first but nearly recovers at higher temperatures. With
respect to organic dye adsorption we found that (a) its extent
strongly depended on the polypyrrole morphology; nanofibers
and nanotubes were good adsorbents but the performance of
globular polypyrrole was marginal. Finally, (b) the dye adsorption
efficiency was reduced as the conducting polymer converted to
the corresponding carbon material.

For the potential application of conducting polymers in water-
pollution treatment, the increase in their specific surface areas by
morphology tuning is a primary goal. Electroactivity of conducting
polymers may provide an added value that enables the control of
adsorption properties by applied electrical potential.*® In addition,
ring-substituted conducting polymers, e.g., polyphenylene-
diamines,® have been of limited interest due to their low
conductivity. They may become, however, prospective materials
for the environmental studies aimed at the removal of organic
pollutants.
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