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ABSTRACT

Polypyrrole globules, nanofibers and nanotubes were activated by their carbonization at 650 °C in the 3:1
mass excess of molten potassium hydroxide in argon. They have been compared with parent polypyrroles
and analogous samples obtained by the carbonization in the absence of hydroxide. The yields after acti-
vation, 12-18 wt%, were lower compared to the carbonization, which exceeded 50 wt%. The changes in
molecular structure are discussed on the basis of FTIR and Raman spectra. One-dimensional morpholo-
gies, especially nanotubes, were superior to globules in most respects. They have higher conductivity
close to 10 S cm~!, which was reduced by two orders of magnitude after carbonization but partly recov-
ered after activation. The specific surface areas of nanotubes of the order of tens m?g~! was several times
higher compared with globules. They have not changed after carbonization but increased several times
upon activation. The activated polypyrroles were tested as adsorbents of anionic azo dye, Reactive Black
5. Activated nanotubes performed the best in adsorption followed by parent nanotubes and nanofibers.
The mechanism of dye adsorption is proposed by considering the presence of dye tautomers identified
on the basis of FTIR spectra.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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how to improve the conductivity [1] and the preparation of one-
dimensional polypyrrole morphologies, nanofibers and nanotubes,
is the most promising research direction in this respect. The prepa-
ration and applications of polypyrrole nanotubes has recently been
reviewed [2]. It has been demonstrated that especially the pres-
ence of organic dyes introduced to the polypyrrole synthesis may
convert the common globular morphology to one-dimensional ob-
jects [3,4]. Methyl orange has been routinely used for this purpose
[5-12]. Only exceptionally other dyes, such as Acid Blue 25 [13] or
safranin [14] have similarly been applied in the morphology con-
trol.

Polypyrrole is probably the most studied conducting polymer
due to its electrical and electrochemical properties and its abil-
ity to respond to external stimuli. Various ways have been sought
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The special interest, however, has been paid also to the conver-
sion of polypyrrole nanotubes to nitrogen-containing carbon ana-
logues. The preparation and applications of carbonized conducting
polymers have recently been reviewed [15]. The typical carboniza-
tion of polypyrrole takes place in inert atmosphere at temperatures
500-1000 °C for various times, the typical yields exceed 50 wt%
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Fig. 1. Polypyrrole globules, nanofibers and nanotubes before (left) and after the activation (right). Scale bars 2 pm.

[4,16-18]. The morphology is retained after carbonization while
the conductivity is reduced but not lost [4]. Carbonized polypyrrole
nanotubes have been applied as electrodes in batteries [7] and su-
percapacitors [9,19], electrocatalysts in oxygen reduction reaction
[20,21], catalysis of organic reductions [6], for adsorption of or-
ganic dyes [4,19] or water desalination [10].

Sometimes the so-called activation has been used as the car-
bonization tool in order to increase the specific surface area that
is required by some applications, e.g., in energy-storage devices
or adsorbents. In this process, either original conducting polymers
or already carbonized ones are heated along with mass excess of
potassium hydroxide [22], typically 2-4:1 by weight, in inert at-
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Fig. 2. ATR FTIR spectra of original (0), carbonized (C) and activated (A) polypyrrole
globules (G), nanofibres (F) and nanotubes (NT).

mosphere at temperature above the melting point of the alkali,
360 °C, usually at 600-800 °C. Compared with the standard car-
bonization in inert atmosphere, the yields of the activated prod-
uct are lower. Activated polypyrrole nanotubes have been tested
as electrocatalysts in oxygen reduction reaction [23,24], in lithium
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ion [25] and lithium-sulfur batteries [26] and supercapacitor elec-
trodes [27].

The present study compares the electrical and dye-adsorption
properties of polypyrrole globules, nanofibers and nanotubes with
the analogues obtained by the carbonization at 650 °C in inert at-
mosphere and activation at the same temperature in the presence
of potassium hydroxide.

2. Experimental
2.1. Polypyrroles

Three polypyrroles with different morphology - globules,
nanofibers and nanotubes - have been selected for the present
study. Globular polypyrrole was prepared by the routine oxida-
tion of 0.2 M pyrrole with 0.5 M iron(Ill) chloride in aqueous
medium at room temperature [4] (Fig. 1). Polypyrrole nanofibers
were synthesized similarly using 0.2 M pyrrole and 0.2 M iron(III)
chloride in the presence of 0.01 M Acid Blue 25 dye [13]. Finally,
polypyrrole nanotubes originated in the oxidation of 0.05 M pyr-
role with 0.05 M iron(Ill) chloride along with 0.0025 M methyl
orange (Acid Orange 52) [2,28,29]. All chemicals were purchased
from Sigma-Aldrich. The details of the preparation and characteri-
zation of polypyrroles and their carbonization in inert atmosphere
at 650 °C has recently been reported elsewhere [4]. The present
study concentrates on the activation of these polypyrroles.

2.2. Activation

2 g of polypyrroles in quartz container were covered with ca 6 g
of potassium hydroxide flakes (reagent grade, 90%; Sigma-Aldrich)
and placed in the cylindrical furnace Clasic (Clasic CZ Ltd) under
argon atmosphere. The temperature was increased at 5 °C min~!
rate to 650 °C and the samples were kept at this temperature for
1 h. The heating was then switched off and the sample was left
to cool to room temperature still under argon. The products of ac-
tivation were suspended in 100 mL of water and separated after
24 h by filtration. The solids were rinsed with 50 mL 0.1 M hy-
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Fig. 3. Raman spectra of carbonized (C) and activated (A) polypyrrole globules (G), nanofibres (F) and nanotubes (NT).
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Fig. 5. Conductivity of activated polypyrroles in dependence on pressure.

drochloric acid to neutralize any residual hydroxide and then by
water to neutral reaction. The activated polypyrrole was left to dry
at room temperature and then in air at 100 °C. The yields were
0.25 g (12.5 wt%), 0.35 g (17.5 wt%), and 0.35 g (17.5 wt%) for glob-
ules, nanofibers, and nanotubes, respectively.

2.3. Characterization

Morphology was observed with a scanning ultra-high-
resolution electron microscope MAIA3 Tescan (Czech Republic).
Elemental analysis of the samples has been reported elsewhere
[4].

ATR FTIR spectra of the powdered samples were recorded using
Nicolet 6700 spectrometer (Thermo Scientific, Madison, WI, USA)

in a dry air-purged environment equipped with reflective ATR ex-
tension GladiATR (PIKE Technologies, USA) with diamond crystal.
Spectra were recorded in the 4000-400 cm™! region with DLaTGS
(deuterated L-alanine-doped triglycine sulfate) detector at resolu-
tion 4 cm™!, 64 scans and Happ-Genzel appodization.

Raman spectra were collected using a Thermo Scientific DXR
Raman microscope equipped with 532nm line laser (power
0.1mW) and 780 nm line (power 4 mW), respectively. The spot
size of the lasers was focused by 50x objective. The scattered light
was analyzed by a spectrograph with holographic gratings (900
and 1200 lines mm~1), respectively, and a pinhole width of 50 pem.
The acquisition time was 10 s with 10 repetitions. Thermo Scientific
Peak Resolve module of Omnic software has been used to fit the
“D” and “G” bands of the Raman spectra with the Gaussian profile.
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Fig. 6. Time dependence of the relative decrease in optical absorption A/Ag of Reactive Black 5 solution at 596 nm wavelength in the presence of polypyrrole (a) globules,
(b) nanofibres and (c) nanotubes (full symbols), products of their carbonization (650 °C, crossed symbols) and activation at the same temperature (A, open symbols). Dye
concentration 1 g L-!, 50 mg of adsorbent per 50 mL of dye solution, 20 °C. Data for the non-activated polypyrroles were taken from [4].

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

The conductivity was determined by four-point van der Pauw
method on the powders compressed at 10 MPa in a lab-made
cylindrical glass cell with inner diameter of 10 mm between
an insulating support and a glass piston carrying four plat-
inum/rhodium electrodes on the perimeter of its base. The setup
included a Keithley 2010 miltimeter, a current source Keithley
220, and a Keithley 705 scanner equipped with a matrix card
Keithley 7052. The pressure was controlled with a L6E3 load
cell (Zemic Europe BV, The Netherlands). The dependence of the
conductivity on the applied pressure was recorded at the same
time.

2.4. Dye adsorption

Anionic dye, Reactive Black 5 (Sigma-Aldrich), has been se-
lected as sorbate. The 50 mg portions of activated polypyrroles
were suspended in 50 mL of the dye solution in water (100 mg
L-1) at room temperature and occasionally gently stirred. The
dye/adsorbent mass ratio was 0.1. UV-vis spectra of the dye so-
lution were recorded in dependence on time in 0.2 cm quartz cell
with a Perkin-Elmer Lambda 20 UV-vis spectrometer. The dried ac-
tivated polypyrrole with adsorbed dye was analyzed with FTIR and
Raman spectroscopies.

3. Results and discussion
3.1. Morphology

It has been established in the literature that the carbonization
of conducting polymers retains their original morphology except
for some shrinkage [4,15,16]. The same applies to the activation of
polypyrroles (Fig. 1).
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3.2. FTIR spectra

The ATR FTIR spectrum of globular polypyrrole exhibits the
main bands with local maxima at 1532 cm~! (C-C stretching vi-
brations in the pyrrole ring), 1400 cm~! (C-N stretching vibrations
in the ring), 1284 cm~! (C-H or C-N in-plane deformation modes),
1145 and 1090 cm~! (breathing vibrations of the pyrrole rings), at
1043 and 999 cm~! (C-H and N-H in-plane deformation vibra-
tions) and the peaks located at 964 and 847 cm~! (C-H out-of-
plane deformation vibrations of the ring) [2,30]. The positions of

maxima of these bands are only slightly shifted in the spectra of
nanofibers and nanotubes (Fig. 2).

After carbonization at 650 °C in inert atmosphere, the spectra
of all polypyrrole morphologies are transformed to the spectra of
carbon-like materials (with two broad bands with maxima at 1574
cm™! and 1145 cm™!) [4]. The spectra of polypyrroles activated at
the same temperature differ each from other. The spectrum of ac-
tivated globular polypyrrole exhibits the maxima at 1585, 1195,
1054, and 913 cm™!, for nanofibers at 1090 and 913 cm™!, and for
nanotubes at 1585 and 1054 cm™!. This signifies that carbonization
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Table 1

The Ip/lg ratios of integrated peak ar-
eas of “D” (disordered) and “G” (graphitic)
bands of carbonized polypyrrole and acti-
vated analogues.

Morphology  Ip/lg

Carbonized  Activated
Globular 7.7 34
Nanofibers 53 2.8
Nanotubes 4.5 3.5

is not complete for activated samples and their structures contains
some other groups.

3.3. Raman spectra

Raman spectra of polypyrroles carbonized at 650 °C in inert at-
mosphere [4]| correspond to the characteristic Raman spectra of
carbon-like materials with two broad bands with local maxima at
1562 and 1352 cm™! (G- and D-bands) [20,31] (Fig. 3). They were
observed in the infrared spectra due to the symmetry-breaking
of the carbon network and the presence of nitrogen atom in the
structure. These two broad bands are also present in the Raman
spectra of activated samples, but they are sharper. Contrary to the
infrared spectra, they are similar for all three tested morphologies
and they are shifted to 1592 and 1315 cm~! in comparison to their
positions in the spectra of carbonized samples. The degree of struc-
tural disorder is characterized by the Ip/I; ratios determined by the
corresponding integrated peak areas in the Raman spectra (Table 1,
Fig. 3). The lower values for activated samples may be due to bet-
ter organized carbon-like part in their structure leading also to the
higher conductivities (see below).

3.4. Specific surface area

Specific surface area is a key parameter for the applications of
pollutant adsorbents or supercapacitors electrodes. The activation
of polypyrrole, i.e. the carbonization in the presence of potassium
hydroxide, is expected to increase the specific surface area of the
resulting material. It has been applied to polypyrrole only excep-
tionally. Polypyrrole nanotubes had the specific surface area 5.38
m2g~1, which increased to 62.2 m?g~! and 92.6 m2g~! after acti-
vation. The higher values have been obtained when larger amount
of potassium hydroxide was used [26]. Carbonized polypyrrole
nanotubes had specific surface area 208 m2g~!, which increased
after activation to 667-1226 m2g~! and total pore volume 0.23
cm3g~! to 0.51-0.68 cm3g~! [27].

The similar trend has been observed in the present case
(Table 2, Fig. 4). Both one-dimensional morphologies have a higher
specific surface area and pore volume compared to common glob-
ular. The surface area, however, does not increase after carboniza-
tion. This is in the contrast to the activation where the substan-
tial increase was found both in surface areas and pore volumes

Table 2

Carbon Trends 4 (2021) 100068

Table 3

The conductivity (S cm~') of original, carbonized and ac-
tivated polypyrroles of various morphologies determined
at 10 MPa pressure.

Morphology  Original? Carbonized? Activated
Globular 0.24 0.0013 0.033
Nanofibers 9.6 0.029 0.015
Nanotubes 9.2 0.038 0.223

aThe results for non-activated samples were taken from
Ref. [4].

(Fig. 4). This is due to the removal of the most of the organic part
on molecular level resulting in the formation of nanopores, as it is
also reflected by reduced yields.

3.5. Conductivity

The conductivity is a prime parameter for any conducting poly-
mer, including its carbonized analogues. The superior conduc-
tivity of one-dimensional polypyrrole morphologies over globu-
lar polypyrrole prepared under comparable conditions reported in
the literature [2] is well documented also in the present case
(Table 3). This is explained by better ordering of polymer chains in
one-dimensional morphologies, such as nanotubes and nanofibers.
The conductivity became reduced after the carbonization by ca
two orders of magnitude, and that of nanotubes was the high-
est (Table 3). This is in the correlation with the results of Ra-
man spectroscopy (Table 1) indicating that the higher conductiv-
ity is associated with lower fraction of disordered phase. Despite
the decreased conductivity, its level may be sufficient for appli-
cations, e.g., in supercapacitors [9,19] or in drug-delivery systems
controlled by applied electric potential [32-35].

The conductivity partly recovered after the activation (Table 3)
and the activated nanotubes provided the best result. Also here,
the conductivity is in the correlation with the spectroscopic data
(Table 1) suggesting again its inverse proportionality to the content
of disordered phase. The dependence of the conductivity of pow-
ders on applied pressure could be monitored (Fig. 5). The slopes
of the dependences in double-logarithmic presentation are compa-
rable indicating also the similar mechanical properties of the acti-
vated samples.

3.6. Dye adsorption

The adsorption of organic dyes on carbonized polypyrrole nan-
otubes has been reported only rarely [19]. The adsorption ca-
pacities reached ~500 mg g~! for cationic dyes, methylene blue
and Rhodamine G, but were lower, ~100 mg g~!, for anionic
ones, Congo red and Orange G. For present study of activated
polypyrroles, the adsorption of anionic azo dye, Reactive Black 5,
was selected. This dye has recently been used in the adsorption
studies on conducting polymers, polyaniline [36-38] and polypyr-
role [4,39,40].

Specific surface area and pore volume of polypyrroles and their carbonized and activated analogues?

Morphology  Specific surface area (m2g~1) Pore volume (cm3g1)

Original Carbonized  Activated  Original Carbonized Activated
Globular 124402  12.6+04 292+8.0 0.060+0.004  0.0344+0.004  0.107+0.003
Nanofibers 65.1+2.1  87.0+3.7 229+2.0 0.2404+0.077  0.2904+0.001  0.160+0.004
Nanotubes 45.248.8  55.9+0.6 564+10 0.135+0.031  0.1774+0.007  0.218+0.003

aThe data for non-activated sampled are taken from Ref. [4].
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Globular polypyrrole is a poor adsorbent of Reactive Black 5 dye
and the only ca 40% of dye were adsorbed within two weeks al-
located for the experiment (Fig. 6a). Neither carbonization nor ac-
tivation improved the adsorption ability, despite the significantly
increased specific surface area after the activation (Table 2). This
suggests that the surface area is not a decisive factor in the adsorp-
tion process at original and carbonized samples. In the literature,
activated globular polypyrrole was used as an adsorbent of 0.5-8
ppm methyl orange solutions [41]. The adsorption capacity 140 mg
g~ was reached within minutes. The dye concentrations, however,
were considerably lower compared with experiments reported in
this paper.

Polypyrrole nanofibers on the other hand proved to be an ef-
ficient adsorbent of a dye that could remove the dyes practically
completely from the aqueous medium (Fig. 6b). The marked differ-
ence between the behavior or globules and nanofibers indicate that
the morphology and chain-ordering constituting this morphology
is a key factor controlling the adsorption efficiency. The reduced
dye adsorption after the carbonization suggests the damage of or-
dered structure accompanied by the changes in molecular struc-
ture, which manifest themselves also in the reduced conductivity
(Table 3). The same behavior is observed after the activation, when
even the larger specific surface area cannot compensate the lost
adsorption efficiency.

Polypyrrole nanotubes followed the same pattern as nanofibers,
i.e. the original nanotubes adsorbed the dye nearly completely
(Fig. 6¢) and after the carbonization the adsorption decreased. In
the deep contrast, however, activated nanotubes have been the
most successful adsorbent among the tested samples, which even
outperformed the original polypyrrole nanotubes. The activated
nanotubes have been able to remove the dye completely.

3.7. Interaction of activated polypyrroles with the dye

To get insight in the molecular basis of the interaction between
the studied materials and the dye, the ATR FTIR spectrum of Reac-
tive Black 5 solution in the presence of activated polypyrrole nan-
otubes after drying has been compared with the spectrum of initial
activated polypyrrole nanotubes and with Reactive Black 5 (Fig. 7).
After adsorption of the dye from the solution to activated nan-
otubes, several new sharp peaks were identified. After subtraction
of the spectrum of activated nanotubes without and with adsorbed
dye, the overall shape of the spectrum is close to the spectrum
of neat Reactive Black 5 (spectrum SUB in Fig. 7a) with the sharp
peaks, which are better distinguished. Most of them are situated at
the same positions as in the spectrum of dye. The intensity of the
bands of aromatic ring C-C stretching vibrations 1588 and 1490
cm! relatively decreased, while a shoulder at 1457 cm™! (most
probably of the scissoring CH, vibrations) increased. This indicates
the changes in the vicinity of the aromatic dye core (Fig. 8). Indeed,
the peak of medium intensity situated at 1414 cm~! (N=N stretch-
ing vibrations) and at 1338 cm! practically disappeared. This can
be explained by the tautomeric keto—enol and related conversions
of the dye structure (Fig. 8) as a consequence of the altered elec-
tron densities at the aromatic moiety caused by the adsorption on
activated carbon.

In addition, the peak at 1376 cm~! (possibly C-N stretching)
has appeared. The bands with maxima at 1218, 1178, 1127, 1038,
998 cm™! (region of stretching vibrations of SO, symmetrical and
SO3 stretching vibrations, and of CH in-plane bending vibrations)
were detected in the spectrum of adsorbed dye. The bands at 840
and 733 cm™! (NH wagging and CH out-of-plane bending vibra-
tions) were also found in the spectrum of adsorbed dye [42,43].
A new band with maximum at 1673 cm™! has been detected in
the spectrum after subtraction which may be connected with the
C=0 stretching vibrations of keto- form in the adsorbed dye struc-

Carbon Trends 4 (2021) 100068
ture. In the region above 2500 cm~! (Fig. 7b), the spectrum of
neat Reactive Black 5 exhibits the band with a maximum at 3080
cm™! (aromatic CH stretching vibrations), the peaks at 2923 cm™!
with a shoulder at 2950 (asymmetrical stretching vibrations of CH,
group) and at 2853 cm™! (symmetrical stretching vibrations of CH,
group). In the spectrum of adsorbed dye they were observed at
2950, 2916 cm™! and 2865, 2837 cm™! [42,43]. These changes seem
to be compatible with the conversion of tautomeric dye forms in-
duced by the adsorption (Fig. 8).

Raman spectrum of Reactive Black 5 adsorbed on activated
polypyrrole nanotubes has been compared with the spectrum of
initial activated nanotubes and with Reactive Black 5 alone (Fig. 9).
After the subtraction of the corresponding spectra, the spectra of
original and adsorbed dye can be compared, the latter being well
resolved (spectrum SUB). We detect the peaks at 1618, 1580 (with
decreased intensity) and 1497 cm~! (aromatic ring C-C stretch-
ing vibrations). A strong band with maximum at 1415 cm™! cor-
responds most probably to the Raman active N=N stretching vi-
brations but its shift to lower wavenumbers supports the changes
induced by the tautomerism (Fig. 8). The peaks at 1285, 1195,
1160 cm™!, and sharp peak at 490 cm! are well detected in the
spectrum of adsorbed dye. All the changes in the infrared and Ra-
man spectra signify that an interaction between activated polypyr-
role and Reaction Black 5 occurs with the support of tautomerism
in the dye structure.

4. Conclusions

One-dimensional polypyrrole morphologies, nanofibers and
nanotubes, dominate over the common globular form in conduc-
tivity, specific surface area and dye-adsorption ability. The typical
conductivity of globular polypyrrole is of the order of 10-1 S cm~1,
for one-dimensional morphologies it is one order of magnitude
higher. In the contrast to polypyrrole globules, both the nanofibers
and nanotubes were able to remove the dye from aqueous solution
practically completely. It is concluded the difference in polymer-
chain ordering is responsible for this observation, the ordering in
one-dimensional morphologies being more uniform.

The carbonization at 650 °C that converted polypyrrole to
nitrogen-containing carbon generally reduced the conductivity by
two orders of magnitude to 10-3-10-2 S cm~!. The higher con-
ductivity correlates with the higher content of ordered phase as
revealed by Raman spectroscopy. The specific surface area and pore
volumes have not been practically affected. Dye adsorption on car-
bonized analogues was lower, as expected, due to the change in
the molecular structure and limited possibility to create hydrogen
or ionic bonds or establish w-m interaction that are responsible
for the dye adsorption.

After the activation of polypyrroles at 650 °C, the morphology
features were retained and the conductivity was partly recovered
to 1072-10-1 S cm~1. Both the specific surface areas and pore vol-
umes increased several times, especially for nanotubes. Activated
nanotubes also proved to be the best adsorbent among tested sam-
ples. Due to the uniform nanostructured morphology, activated
polypyrrole nanotubes would make a material of choice for various
applications. The low preparation yield, however, is a drawback.

It has to be stressed that the conclusions on dye adsorption
concern a single anionic azo dye, an element of a large mosaic
of organic dyes. For other types of dyes, the adsorption behavior
might be quite different. The additional experiments are thus need
to get the complete overview.
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