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Abstract 

Conducting polymers (CPs) combine the electrical properties of semiconductors and material 

properties of organic polymers. Polypyrrole (PPy) and polyaniline (PANI) are the most studied 

CPs due to their relatively high electrical conductivity (typically several units S cm–1), 

environmental stability, ease of preparation, good processability and low cost. 

Organic dyes have similar properties as surfactants, with an interesting ability to form 

various organized templates in water that could during synthesis tailor PPy morphologies to 

various nanostructures with high yield and improved electrical conductivity. 

Herein, PPy was prepared in the presence of cations dyes, safranin and phenosafranin, 

and anionic dye, methyl red, to obtain various nanostructures. The effect of dye concentration, 

oxidant-to-pyrrole mole ratio and other polymerization conditions on the physicochemical 

properties of the produced PPy was carefully investigated. Pyrrole was polymerized in the 

frozen reaction media at −24 °C in the presence of safranin, Acid Blue 25 (AB) or methyl orange 

(MO). Prepared one-dimensional nanostructures exhibited high yield and improved 

conductivity; the highest conductivity of 175 S cm−1 was obtained when safranin was used. 

Polypyrrole nanotubes prepared in the presence of MO were carbonized at 650 °C in an 

inert atmosphere followed by coating with pristine PPy or PPy prepared in the presence of MO 

or AB. The obtained products with high specific surface area and conductivity were used as 

electrochemical catalysts for the oxygen reduction reaction. 

Poly(p-phenylenediamine) (PPDA) was prepared by the oxidative polymerization of p-

phenylenediamine in the presence of various contents of maghemite. PPDA/maghemite 

composites have been used as adsorbents for the removal of Reactive Black 5 (RB) from water. 

The incorporation of magnetic nanoparticles provides easy separation of composites by 

applying a magnetic field and it improves the adsorption capacity. The adsorption isotherms 

and kinetics were analyzed by using various models. 

Polyaniline/poly(vinyl alcohol) (PANI/PVAL) macroporous aerogels were prepared by 

the in-situ cryopolymerization of aniline in the presence of PVAL and Ni2SrCrxW hexaferrite, 

followed by freeze-drying. Aerogel with high coercivity was used as an adsorbent for the 

removal of RB from water, with a removal efficiency of 99%. 
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Polypyrrole–nanofibrillated cellulose (NFC) cryogels were prepared under frozen 

conditions in the presence of low contents of NFC (0.2 – 2 wt%). The sponge-like, lightweight 

aerogels prepared by freeze-drying, possess excellent mechanical properties and high 

conductivity. Moreover, PPy‒NFC aerogels have high adsorption capacities towards Cr(VI) 

ions, due to their high specific surface area and excellent ion-exchange capability. 

Within this study, for all the prepared materials, the DC electrical conductivity was 

determined by the van der Pauw method, morphology and supramolecular structures were 

examined by scanning and transmission electron microscopies, molecular structures were 

confirmed by Fourier-transform infrared, Raman and nuclear magnetic resonance 

spectroscopies and thermal stabilities were studied by thermogravimetric analysis.  

 

Keywords 

Conducting polymers; 

Conductivity; 

Cryopolymerization; 

Dye adsorption; 

Magnetic composites; 

Morphology; 

Organic dyes; 
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Polymerization temperature; 
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Abstrakt 

Vodivé polymery kombinují elektrické vlastnosti polovodičů s materiálovými vlastnostmi 

organických polymerů. Polypyrrol (PPy) a polyanilin (PANI) jsou nejvíce studovanými 

polymery díky relativně vysoké elektrické vodivosti (několik jednotek S cm−1), dobré stabilitě 

v běžném prostředí, jednoduchosti přípravy, dobré zpracovatelnosti a nízké ceně. 

Organická barviva mají podobné vlastnosti jako surfaktanty se zajímavou schopností 

vytváření různých organizovaných struktur ve vodě, které mohou při přípravě upravovat 

morfologii PPy do různých nanostruktur, a to ve vysokém výtěžku a se zlepšenou vodivostí.  

V této práci, PPy byl připraven v přítomnosti kationtových barviv, safraninu a 

fenosafraninu, a aniontového barviva, methylčerveně, s cílem získat různé nanostruktury. Byl 

pečlivě zkoumám vliv koncentrace barviva a molárního poměru oxidant/pyrrol na fyzikálně 

chemické vlastnosti vytvářeného PPy. Pyrrol byl polymerován ve zmrzlém reakčním mediu při 

−24 °C v přítomnosti safraninu, Acid Blue 25, a methyloranže. Přípravené jednorozměrné 

nanostruktury vykázaly vysoký výtěžek a zlepšenou vodivost, kdy nejvyšší vodivost 175 S cm−1 

byla získána při použití safraninu. 

Polypyrrolové nanotrubky připravené v přítomnosti methyloranže byly karbonizovány při 

650°C v inertní atmosféře a následně pokryty polypyrrolem nebo polypyrrolem připraveným v 

přítomnosti methyloranže či Acid Blue 25. Získané produkty s vysokým specifickým povrchem 

a vodivostí pak byly použity jako elektrochemické katalyzárory pro redukci kyslíku.  

Poly(p-fenylendiamin) (PPDA) byl dále připraven oxidativní polymerací p-

fenylendiaminu v přítomnosti různého množství maghemitu. Kompozity PPDA/maghemit byly 

použity k adsorptivnímu odstranění barviva Reactive Black 5 z vody. Přítomnost magnetických 

nanočástic umožňuje jednoduchou separaci kompozitu aplikací magnetického pole a zvyšuje 

adsorpční kapacitu. Adsorpční izotermy a kinetika byly analyzovány pomocí různých modelů. 

Makropórézní aerogely polyanilin/polyvinylalkohol (PANI/PVAL) byly připraveny 

kryopolymerací anilinu v přítomnosti PVAL a Ni2SrCrxW hexaferitu, následovanou 

vymražováním ve vakuu. Aerogel s vysokou koercivitou by použit pro adsorptivní odstraňování 

barviva Reactive Black 5 z vody, s účinností 99%.  

Kryogely na bázi PPy a nanovláknité celulózy (NFC) byly připraveny ve zmrzlém stavu 

v přítomnosti nízkých obsahů NFC (0,2–2 váh.%). Houbovité nedýchané aerogely připravené 
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vymražováním mají výborné mechanické vlastnosti a vysokou vodivost. Komposity PPy/NFC 

navíc vykazují vysokou adsorpční kapacitu vzhledem k chromanovým iontům díky vysokému 

specifickému povrchu a výborné schopnosti výměny iontů.  

V průběhu těchto studií, stejnosměrná vodivost všech vodivých polymerů a jejich 

kompozitů byla stanovována metodou van der Pauwa. Morfologie a supramolekulární struktura 

byly zkoumány pomocí skenovací a transmisní elektronové mikroskopie. Molekulární struktura 

byla potvrzena spektroskopií infračervenou, Ramanovou a NMR. Konečně teplotní stabilita 

byla prověřena pomocí termogravimetrické analýzy. 
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1. INTRODUCTION 

1.1. Conducting polymers 

Conducting polymers (CPs) are a special class of polymers that are intrinsically conducting [1]. 

Their main feature is the presence of π-conjugated system (i.e., alternating single/double bonds) 

along their backbone chain. The overlapping of the neighboring π-orbitals (pz orbitals) in a 

conjugated system facilitates the delocalization of π-electrons along the molecule backbone, 

which is responsible for the electrical conductivity. In some cases, a double bond in the 

conjugated system can be replaced by a hetero atom with a lone pair of non-bonding electrons 

e.g., N or S atoms as in the case of pyrrole or thiophene aromatic heterocycles. The delocalized 

π-electron along the backbone chain and the weak interchain interactions create a quasi-one-

dimensional nature and allow anisotropy [2]. CPs show the electrical and optical properties 

associated with semiconductors; however, they still retain the other physical properties of 

conventional polymers [2]. Typical examples of CPs are polyacetylene (PA), polyaniline 

(PANI), polypyrrole (PPy), polythiophene, etc. (Figure 1). 

 

 

Figure 1. Most common conducting polymers. 
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Although acetylene was polymerized for the first time in 1958 by Natta et al. [3,4], PA 

did not attract considerable attention due to its poor processability and low environmental 

stability. Berets and Smith were the first who reported the electrical properties of PA in 1968 

[5]. Later, Shirakawa et al. in 1977 [6] reported the doping behavior of PA with halogen gases 

e.g., Cl2, I2 and Br2, which significantly enhanced the conductivity. The trans-PA conductivity 

increased over seven orders of magnitude (from 4.4×10–5 to 38 S cm–1) at room temperature 

when doped with iodine. This interesting finding revealed an attractive type of polymers with 

the electrical properties of metals or semiconductors [7]. The importance of this discovery was 

awarded the Nobel Prize in chemistry “for the discovery and development of conductive 

polymers” in 2000 shared by the pioneers of CPs: Alan J. Heeger, Alan G. MacDiarmid and 

Hideki Shirakawa [8]. Since then, the exponential growth of research has been noticed in this 

field to develop new types of CPs. 

Conducting polymers possess unique electronic and optical behavior, side by side with 

other polymers’ properties e.g., low density, optical transparency and high environmental 

stability [9]. Moreover, they can be easily prepared at a relatively low cost. CPs show a great 

ability to respond to various stimuli by a change in their optical, electrical, chemical and/or 

mechanical behavior [10]. On the basis of electrical conductivity, materials are classified as: 

insulators (with conductivity less than 10−7 S cm−1), semiconductors (with conductivity in the 

range 10−7 to 100 S cm−1), and conductors (with conductivity greater than 100 S cm−1). CPs can 

behave as insulators, semiconductors and conductors based on their doping level as illustrated 

in Figure 2. 

 

Figure 2. Electrical conductivity of conducting polymers compared to other materials [11]. 
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1.2. Synthesis of the conducting polymers 

Conducting polymers are synthesized by the oxidative polymerization of their monomers, 

except PA, which is polymerized from acetylene by the addition polymerization in the presence 

of Ziegler catalyst [12]. Chemical and electrochemical polymerization routes are the main 

approaches that can be used for the preparation of CPs [13–15], where chemical oxidants or 

electric potential are applied, respectively. In both cases, the main step is the oxidation of the 

monomers to their radical cations followed by coupling to prolongate the polymer chains 

(Figure 3). Each polymerization method (chemical or electrochemical) has its own advantages 

over the other. The chemical route is more suitable for mass production with low cost, while, 

large-scale production of CPs is still not possible to be obtained electrochemically [16, 17]. On 

the other side, electrochemical polymerization allows for the easy control of thin-film thickness 

and roughness, while bulk powders and uncontrolled thick films are typically obtained by the 

chemical polymerization route [17]. 

 

 

Figure 3. Mechanism of the oxidative polymerization of pyrrole [18]. 
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In addition to the oxidative chemical and electrochemical major polymerization routes of 

CPs, there are other routes that are not commonly used, such as mechanochemical 

polymerization [19], solid-state polymerization [20], photo-induced polymerization [21], and 

radiation polymerization [22]. Within this Thesis, chemical polymerization only is considered. 

 

1.2.1. Chemical Polymerization 

Among a long list of CPs, PPy comes as the most frequently studied polymer [23]. PPy was 

synthesized chemically for the first time in 1916 [24] when pyrrole was treated with acidified 

H2O2 to form insoluble black powder called “pyrrole black”. A large number of oxidants have 

been used for the oxidative polymerization of pyrrole such as ammonium peroxydisulfate (APS) 

[25], cerium(IV) sulfate [26], iron(III) nitrate [27], silver nitrate [28], potassium 

hexacyanoferrate(III) [29], etc. Iron(III) chloride is the most common oxidant for the 

preparation of highly conductive PPy [30]. Generally, the oxidants are consumed 

stoichiometrically [31]. Theoretically, two moles of iron(III) chloride are needed to polymerize 

one mole of pyrrole [26], however, the optimal mole ratio of iron(III) chloride to pyrrole is 2.5 

to obtain doped PPy (Figure 4) [32]. 

 

 

Figure 4. The chemical oxidation of pyrrole with iron(III) chloride to polypyrrole 

hydrochloride. 
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Moreover, lower and higher mole ratios can still be used to prepare PPy with different 

properties. The optimal mole ratio of APS to pyrrole is 1.25 [25], however, PPy with the highest 

conductivity was obtained at a mole ratio of 1–1.1 [25]. The higher APS concentrations lead to 

overoxidation of the produced PPy, accompanied by a decrease in its conductivity and yield 

[33]. 

In a very similar way to PPy preparation, PANI can be synthesized chemically by the 

oxidative polymerization of aniline with APS, as the most used oxidant [34] (Figure 5). Also, 

many other oxidants can be used as well, such as iron(III) chloride [35], silver nitrate [36] 

[28,37], cerium(IV) sulfate [26], potassium permanganate and potassium dichromate [38]. 

 

 

Figure 5. Chemical oxidation of the aniline hydrochloride with ammonium peroxydisulfate to 

polyaniline emeraldine salt. 

 

The aniline derivative, p-phenylenediamine, was polymerized for the first time as an 

additive to the aniline polymerization to enhance the polymerization rate and yield of PANI 

[39]. The addition of a small amount of p-phenylenediamine (1 mole%) to aniline was found to 

accelerate its polymerization with silver nitrate [40,41]. Also, p-phenylenediamine was solely 

polymerized with various oxidizing agents such as sodium disulfate [42], potassium disulfate 

[43] and APS [44]. In addition, silver nitrate was used to prepare poly(p-phenylenediamine) 

(PPDA)–silver nanocomposites [45]. PPDA is proposed to form ladder-like or ladder 

(phenazine) molecular structures [46] (Figure 6), such rigid chain structures improved the 

thermal stability [42,47]. 
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Figure 6. Ladder and ladder-like structures of poly(p-phenylenediamine). 

 

Polymerization conditions of CPs e.g., pH, temperature, oxidant to monomer mole ratio 

and polymerization medium were found to significantly affect the physicochemical properties 

of the produced CPs such as conductivity and their morphology [48–50]. For instance, granular 

and nanofibrillar PANI structures are formed in strongly acidic conditions, mild acidic 

conditions are preferred for the preparation of PANI nanotubes, while alkaline medium forms 

oligomeric PANI with micro- and nanospheres structures [51]. Low polymerization temperature 

leads to molecular weight increase and hence, higher conductivity is expected [41,52]. The 

conductivity of PPy was highly improved by decreasing the polymerization temperature, the 

conductivity of ~26 S cm–1 was obtained at 0 °C compared to 0.04 S cm–1 obtained at 60 °C 

[50]. The rate of the CPs chemical polymerization can be controlled by the mole ratio of the 

monomer to oxidant and the pH of the polymerization medium [38,53]. 

The chemically prepared CPs are mainly produced as powders along with the ability to 

coat the surfaces of different materials immersed into the polymerization medium e.g., glass, 

textiles or metals [54–57]. Additionally, vapor phase polymerization, a special case of chemical 

polymerization [58], is carried out by coating a substrate surface with the oxidant and exposing 

it to the monomer vapors under vacuum conditions [59]. It is considered a very effective tool 

for the preparation of CPs thin-film coatings. Moreover, modification of the chemical 

polymerization approach allows the production of CPs in other forms such as colloids, 

hydrogels, cryogels, and free-standing films [60–63]. Colloids of CPs can be prepared in the 

presence of surfactants [64] or suitable steric stabilizing agents such as poly(N-

vinylpyrrolidone) [65,66] or poly(vinyl alcohol) (PVAL) [66,67], poly(2-acrylamido-2-methyl-

1-propanesulfonic acid) (PAMPSA) [68], and carboxymethylcellulose [69]. CPs cryogels are 
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obtained by the freezing of their colloidal dispersions [60]. CPs hydrogels are prepared by 

combining CPs with hydrophilic polymer matrix e.g., polyacrylamide [70,71], chitosan [72], 

PVAL [73] and phytic acid [74]. Free-standing films of pristine CPs can be prepared by liquid-

liquid or gas-liquid interfacial polymerization method [75–77]. 

The main disadvantage of the use of harsh oxidants in the oxidative chemical 

polymerization can be overcome by the alternative enzymatic polymerization [78,79]. 

Enzymatic polymerization is a green chemistry approach, where various eco-friendly and non-

toxic biocatalysts are used for the synthesis of CPs in moderately acidic conditions [80]. 

Soybean peroxidase [81] and horseradish peroxidase [82] are the most used enzymatic systems 

for the oxidative polymerization of aniline. 

 

1.2.2. Electrochemical Polymerization 

Electrochemical polymerization route uses electrical potential to oxidize the monomers to CPs. 

Pyrrole and aniline can be electrochemically polymerized in various protonic acid solutions 

e.g., hydrochloric acid, sulfuric acid, nitric acid [83,84] or proton-free organic solvents e.g., 

acetonitrile, dichloromethane and nitrobenzene [85] with/without electrolytes such as n-

(Bu)4NBF4 or LiClO4 [86–88], under an inert atmosphere (solution is purged with nitrogen or 

argon). Electrochemical polymerization can be carried out galvanostatically by applying 

constant current [89–91], potentiostatically, where constant potential is applied [92], or 

potentiodynamically (cyclic voltammetric scanning), where potential is ramped linearly versus 

time in opposite directions [93,94]. As a result, PPy or PANI are produced as coherent and 

stable films coating the working electrode. Film properties such as morphology, thickness and 

conductivity can be tailored by deposition time, electrolyte used, type of electrodes and the 

applied potential [16]. Generally, potentiostatic conditions are preferred to prepare thin films, 

while galvanostatic conditions are used to prepare thick films [95]. 

Far apart from aniline, electrochemical polymerization of p-phenylenediamine is not as 

easy as the case of aniline monomer. Studies show that electrochemical cyclic voltammetric 

procedure produces only low molecular weight oligomers in the aqueous solution of perchloric 

acid [43] or non-aqueous solvents [96]. Reports demonstrate that no films stick to the electrode 

surface but insoluble product flows away into the solution [43], or in the best electrochemical 



  Introduction 

8 

 

polymerization conditions, only thin passive films of p-phenylenediamine oligomers coat the 

working electrode [97]. 

Predominantly, electrochemical polymerization techniques provide an effective tool for 

online monitoring and controlling CPs film thickness and roughness [98]. Also, it is considered 

an eco-friendly approach, where harsh oxidants are not used [99]. In addition, electrochemical 

polymerization approach is limited by using conducting substrates e.g., carbonaceous 

[100,101], metallic [86] or conducting glass [102] electrodes.  

 

1.3. Morphology control 

The physicochemical properties of the CPs e.g., specific surface area, conductivity, thermal and 

mechanical properties are highly dependent on the morphology. Nanostructured CPs show 

improved electrical and electrochemical activities, with enhanced optical properties and better 

biocompatibility [103] compared to typical granular morphology [104,105]. CPs have been 

prepared in various nanostructures such as zero-dimensional (nanoparticles) [106,107], one-

dimensional i.e., nanowires, nanofibers, etc. [108], two-dimensional nanostructures [109], and 

three-dimensional networks [110–112]. Diverse nanostructures have been prepared to fit special 

requirements for specific applications. One-dimensional CPs with a high aspect ratio exhibit 

high conductivity due to their better macromolecular chain ordering and the effective 

distribution of dopants [113]. They are highly preferred for the preparation of conducting 

composites from CPs dispersed into nonconducting matrices [113]. One-dimensional CPs 

nanostructures form percolation networks at lower concentrations compared to globular ones, 

for instance, PANI nanowires approach the percolation threshold in epoxy resin matrix at 1 

wt%, compared to 5 wt% of PANI particles [114]. Similarly, PPy nanofibers reached the 

percolation threshold with 10 wt%, while PPy nanospheres needed at least 20 wt% in epoxy 

resin composites [115]. Lowering the percolation threshold is advantageous for decreasing the 

cost and enhancing the thermal and mechanical properties of the composites [116]. 

Nanostructured CPs can be formed either by the assistance of morphology guiding 

templates or by template-free approaches. CPs tend to coat objects that exist in the reaction 

medium during their polymerization [117]. Consequently, many additives have been added to 

the polymerization media as templates (or seeds) to influence and orchestrate their morphology 

formation [118]. Templates can be classified into (1) soft templates e.g., micellar aggregates 

[119–122] or liquid crystals [123,124], (2) hard templates e.g., solid porous materials [125], 
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anodic aluminum oxide membranes [126], or cuprous oxide [127], and (3) reactive templates 

or in-situ generated solid organic dye templates [108,128]. 

The template-free strategy for the preparation of CPs nanostructures uses self-assembly 

or supramolecular complexes of dopant or dopant–monomer as morphology guiding agents, 

without the need for additional template [129]. PANI nanostructures (nanotubes and nanorods) 

were prepared using substituted aminobenzene sulfonic acids, which have both doping and 

surfactant functions. The self-assembled aniline/dopant aggregates act as templates, which can 

guide the growth of PANI nanostructures [130]. Similarly, PANI nanofibers and nanotubes 

have been prepared by a self-assembled strategy in the presence of β-naphthalene sulfonic acid 

as a dopant [131]. PANI nanotubes diameter and conductivity were found to decrease with 

decreasing dopant/aniline mole ratio, due to reducing the doping level of the formed PANI 

[131]. In the same way, PPy micro/nanotubes were prepared chemically or electrochemically 

in the presence of β-naphthalene sulfonic acid or p-toluenesulfonic acid as dopants [132]. 

Soft templates are formed mainly based on the self-assembly of the surfactants such as 

sodium dodecylsulfate and dodecyl benzenesulfonic acid [133]. The morphology of formed CPs 

depends on the micellar aggregates state i.e., PPy nanospheres were produced at low 

azobenzene sulfonic acid concentrations, while coral-like PPy is obtained at higher surfactant 

concentrations [134]. PANI prepared in the presence of n-dodecylbenzene sulfonic acid [135] 

produces interconnected networks of PANI nanofibers that form separated hollow PANI 

nanotubes after washing free n-dodecylbenzene sulfonic acid molecules. Various PANI 

nanoforms e.g., particles or fibers with high conductivity of 20 S cm–1 were prepared in the 

presence of sodium dodecylsulfonate as a surfactant [136], where the morphology was 

controlled by the concentration of the surfactant. PPy nanoparticles prepared with sodium 

dodecyl sulfate showed much higher conductivity (47 S cm–1) than PPy prepared with 

dodecylbenzene sulfonic acid (0.8 S cm–1) [137]. 

Recently, the in-situ generated dye templates [108] have attracted the most attention 

among the various types of templates. Organic dyes self-assembly in aqueous solutions forms 

various templates that could guide the formation of organized supramolecular structures of CPs, 

especially PPy [138]. Such templates are generated based on various mechanisms: 

(1) Soluble salt–insoluble acid transition in most organic dyes (acid-generated dye template), 

where the drop in the pH induces the template formation. For example, methyl orange (MO) 

produces insoluble needle-like templates by increasing the solution acidity [32] (Figure 7). 
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The decrease in solubility is due to the dimerization by electrostatic attraction between the 

formed MO zwitterions [139]. Acid Blue 25 (AB) has similar behavior, it forms acid-

generated template at pH 1 due to the formation of the insoluble dimer [140]. 

 

 

Figure 7. Soluble salt–insoluble acid transition of methyl orange. 

 

(2) Organic dyes may behave as surfactants [113]. Dye molecules have a similar chemical 

structure to surfactants, they possess ionic groups (act as head in surfactant), and large 

aromatic moiety ensures hydrophobicity (act as a tail). Dyes could assemble in one-

dimensional micelles by π–π interactions between their aromatic rings forming template-

like aggregates [113]. 

(3) Dyes may produce insoluble complexes when interacting with the oxidant (iron(III) ions) 

[141]. Acid Red 1 was proposed to complex with iron ions which guide the formation of 

PPy rectangular nanotubes [138,142]. 

(4) Some dyes may oxidatively oligomerize with the addition of oxidants, forming solid 

aggregates. Safranin, the aromatic diamine organic dye, could oxidize with APS forming 

insoluble safranin oligomers [143]. Such oligomers could serve as seeds for the growth of 

one-dimensional PPy [113]. 

(5) In addition, other types of organic dyes assemble based on J-aggregates [113,144]. 

Porphyrin and phthalocyanines dyes tend to form J-aggregates of one-dimensional rod-like 

structure [145], which act as templates to prepare one-dimensional nanoforms of various 

CPs [146,147].  

The addition of various organic dyes into pyrrole polymerization media induces the formation 

of various PPy nanostructures (Figure 8) and significantly improves their conductivity. Anionic 

dyes such as MO were found to guide the formation of PPy nanotubes and the conductivity was 

remarkably enhanced from ~1 (with the absence of dyes) to 68 S cm–1 [139]. Acid Red 1 was 
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used for the preparation of aligned PPy nanotubes with conductivity up to 28.6 S cm–1 [142]. 

Using Acid Red B leads to PPy micro/nanofibers with the conductivity of 8.6 S cm–1 [148], 

while AB forms PPy nanofibers with 60 S cm–1 [140]. Sunset Yellow FCF, another anionic dye, 

was proved to produce three-dimensional barrel-like PPy nanostructures, however, it has almost 

no impact on the conductivity [138]. Similarly, some cationic dyes such as rhodamine B [149], 

acriflavine [150] and safranin [113], have been reported as morphology guiding agents for the 

preparation of one-dimensional PPy nanostructures. Acriflavine was found useful to prepare 

PPy nanofibers with conductivity up to 14 S cm–1 and interesting antimicrobial activity towards 

Gram-positive and negative bacteria [150]. 
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Figure 8. Effect of various organic dyes on the morphology of polypyrrole. 

 

Not all organic dyes have a positive impact on the conversion of PPy morphology, for 

instance, Acid Blue 129, which has a closely related chemical structure to AB showed no effect 

on the PPy morphology, however, it still improves the conductivity to 40 S cm–1 [140]. The 

same was in the case of ethyl orange, which has a similar structure to MO, however, it has no 

effect on the PPy morphology while the conductivity increases to 27 S cm–1 [32]. 

Only a few dyes were reported to assist one-dimensional PANI formation. Sunset yellow 

was used to prepare PANI with coral-like nanostructures accompanied with conductivity 

increase from 2 S cm–1 to 15 S cm–1 [151]. Crosslinked PANI nanofibers were prepared with 

the aid of Acid Red 27, with a specific capacitance of 463 F g–1 compared to 280 F g–1 for 

conventional PANI [152]. 
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1.4. Conducting polymer composites 

The pristine forms of CPs have shown difficulties to achieve satisfying features needed for 

practical applications, they are in form of infusible powders with poor mechanical properties 

and low specific surface area [153]. The preparation of CPs composites is a well-known 

approach to improve the processability, conductivity, mechanical properties and specific 

surface area, due to the synergistic effect of the individual components. The composites of CPs 

have been widely prepared with various additives, which could be categorized as:  

(1) Inorganic components: The combination of CPs with inorganic materials could enhance 

the electrical conductivity, electrochemical performance, catalytic properties and 

mechanical integrity [154]. A variety of inorganic nanoparticles can be combined with CPs 

such as: 

• Metal oxides e.g., TiO2 [155], Nb2O5 [156], ZnO [157], MnO2 [158], V2O5 [159], BiVO4 

[160], etc. composites with CPs have been widely used in electrode material for 

supercapacitors. PANI/TiO2 composite was used as a stable electrode material for a 

supercapacitor with an excellent retention capacity of 83 % after 30000 cycles at 3.3 A g– 1 

current density [161]. Additionally, PPy/TiO2 composite showed specific capacitance of 

459 F g−1 and capacity retention of 92.6% after 1000 cycles [155]. Free-standing and 

flexible electrode of PPy/V2O5 composite exhibited high specific capacitance of 334 F g–1 

with superior cycling stability (retention capacity of 82.5% after 2000 cycles) [162]. 

BiVO4/PANI composite has shown specific capacitance of 701 F g−1 and capacity retention 

of 95.4% after 5000, at 1 Ag−1 current density [160]. 

• Noble metals e.g., Au [163], Pd [164], Pt [165], Ag [166], etc. The deposition of Au has 

greatly enhanced the sensitivity of PEDOT towards detection of DNA in PEDOT/Au 

biosensor [167]. Composites of PANI with Ag nanoparticles showed enhanced 

antimicrobial, antifungal and anti-yeast activity compared to individual PANI and Ag 

nanoparticles [168]. PEDOT/Pt nanocomposites have shown greatly enhanced 

electrocatalytic activity compared to bulk Pt or pristine PEDOT electrodes in the oxidation 

of methanol [169]. PPy nanotubes/Au nanoparticles were used as highly efficient 

electrocatalysts for oxygen reduction reactions (ORR) and in the catalytic reduction of 4-

nitrophenol [170]. Composites of CPs with magnetic nanoparticles e.g., γ-Fe2O3, Fe3O4, 

and NiO, merge both magnetic and electrical properties. This allows for a wide range of 

applications as electromagnetic shielding [171] and microwave absorbing materials 
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[172,173]. In addition, such composites can be used as adsorbents for water treatment due 

to the easy removal of adsorbents by an external magnetic field [174,175]. 

• Clays e.g., montmorillonite, mica, zeolites [176]. CPs/clay composites can enhance the 

anticorrosion protection by improving their adhesion, mechanical properties and 

decreasing the porosity of their pristine forms [176]. Homogenous and adhered 

PANI/montmorillonite coatings on aluminum alloy 3004 prepared by direct 

electrochemical polymerization showed 190 times lower corrosion rate than uncoated 

aluminum alloys [177]. Chemically polymerized mica/PPy composites were used for 

corrosion protection of cold-rolled steel [178], by decreasing current density and increasing 

corrosion potential values. Ternary composites of PPy/montmorillonite or PANI/ 

montmorillonite with epoxy resin enhance the corrosion protection of epoxy coatings for 

carbon steel [179] and aluminum alloys [180,181]. The incorporation of CPs/MMT 

nanocomposites inside the epoxy resin was found to significantly increase the corrosion 

resistance in comparison to the neat epoxy resin. 

(2) Carbon-based materials: composites of CPs with various carbonaceous materials e.g., 

MWNT, graphene, graphene oxide [182,183] are aimed to improve CPs’ capacity and poor 

cycle stability [184]. Carbon-based materials exhibit very attractive properties such as high 

conductivity, high surface area, high chemical and thermal stability, in addition to their low 

cost [185]. An in-situ prepared PANI/graphene nanosheets composite showed very high 

specific capacitance of 1046 F g−1 compared to 115 F g−1 for pristine PANI, at a scan rate 

of 1 mV s−1 [186]. Similarly, homogenous PPy/graphene nanosheets composite showed 

high specific capacitance (482 F g−1 at a current density of 0.5 A g−1) with excellent 

capacity retention of 95% after 1000 cycles [187]. 

(3) Metal-organic frameworks (MOFs): Metal-organic frameworks are supramolecular 

assemblies that consist of inorganic metal ions connected to organic linkers through strong 

coordination bonds. MOFs have attracted great interest owing to their excellent properties 

e.g., very large surface area, ultrahigh porosity (up to 90% free volume), high chemical and 

thermal stability, and high sorption capacity. The majority of MOFs are nonconductive 

[188,190], enhancing their conductivity by integrating with different CPs can open 

tremendous applications based on their synergistic effect [191]. The conductivity of Cd-

based three-dimensional MOF (10–12 S cm–1) has increased by 9 orders of magnitude when 

PPy was hosted into its one-dimensional nanochannels [190]. High-performance 
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supercapacitors were prepared by combining PANI with different MOFs. PANI/ 

carbonized Zn-MOF composite showed specific capacitance of 477 F g−1 [192], while 

PANI/Zr-MOF showed 1015 F g−1 [193], at a current density of 1 A g−1. In addition, the 

incorporation of electro-inactive MOF e.g., ZIF-8 onto electropolymerized substituted 

aniline has significantly enhanced its ORR electrocatalytic efficiency in neutral solutions 

[194]. 

(4) Organic materials: Composites of CPs with natural polymers such as cellulose [195], 

chitosan [196], chitin [197], lignin [198], gelatin [199], and others have been prepared in 

various forms e.g., hydrogels, aerogels, films, colloids or powders. Conductive 

PPy/agarose hydrogel showed self-healing and thermoplastic properties due to thermal 

stimuli reversible liquefaction/gelation [200]. It exhibited Young’s modulus of 46 kPa and 

conductivity of 0.35 S cm–1. Three-component polyacrylamide/chitosan/PPy hydrogels 

with a conductivity of 0.003 S cm–1 showed superior mechanical properties (compression 

modulus of 136.3 MPa) and good biocompatibility [201]. Also, the combination of CPs 

with synthetic polymers such as PVAL, polystyrene, poly(methyl methacrylate), and 

poly(vinyl acetate) [202] enhance the plasticity and mechanical integrity. The 

incorporation of PPy into polyacrylamide matrix forms electroconductive biocompatible 

hydrogels, and allows the electrochemically controlled release of loaded risperidone (an 

antipsychotic drug) [203]. 

 

1.5. Chemical and Physical properties 

The physicochemical properties of the CPs were found to be highly controlled by their oxidation 

state. 

Polyaniline has various reversible oxidation states with alternative optical and conducting 

properties (Figure 9). The oxidative polymerization of aniline in an acidic medium produces 

the protonated emeraldine salt [204], which is the most conductive PANI form [205]. 

Emeraldine salt is characterized by the green color and conductivity of a few units S cm–1. It 

can be easily deprotonated to the emeraldine base [206], which is nonconductive. Emeraldine 

salt can be further oxidized to pernigraniline form [207]. The emeraldine froms can be reduced 

to the colorless leucoemeraldine, which is the fully reduced form of PANI [205,207]. The 

reversible acid/base transition of conducting emeraldine salt to the non-conducting emeraldine 
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base is located at pH 6‒7 [204]. However emeraldine salt is insoluble in organic solvents, 

emeraldine base is partially soluble in highly polar aprotic solvents such as NMP [208,209], 

tetrahydrofuran (THF), dimethylformamide (DMF) [210] and N,N′-dimethylpropylene urea 

[208]. PANI insolubility is attributed to its stiff backbone in addition to strong hydrogen 

bonding interactions between the adjacent polymer chains [211]. The better solubility of the 

deprotonated PANI is due to the higher disordering in the polymer chains [212]. 

 

 

Figure 9. Oxidation states of polyaniline. 

 

In a similar manner, oxidation state and/or pH changes highly affect the physical, 

chemical and electrical properties of PPy [213]. The as-prepared protonated PPy undergoes 

deprotonation when treated with basic solutions (pH > 9) to its nonconducting form [213,214]. 

Convertibly, treating the deprotonated PPy with strong acidic solutions (pH < 3) leads to a 

protonation process with a significant increase in conductivity. Simple 

protonation/deprotonation process is reversible (Figure 10) [215]. However, the prolonged 

treatment with strong alkaline solutions (pH > 11) introduces hydroxyl and carbonyl groups 

into the PPy chain and leads to an irreversible reaction, and the initial conductivity cannot be 

regained after re-protonation with acidic solutions [214]. Chemically or electrochemically 
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prepared PPy is neither fusible nor soluble in common organic or polar solvents [216], due to 

long conjugation, strong inter/intramolecular interactions and crosslinking of polymeric chains 

[217,218]. 

 

 

Figure 10. Protonation-deprotonation of polypyrrole. 

 

Conducting polymers lack of solubility, fusibility and poor processability have limited 

studying their chemical structure [219] and their industrial applications [220]. Various 

approaches have been used to produce soluble or dispersible forms of CPs. This can be achieved 

by doping with bulky functionalized organic acids or preparation of colloids using steric 

stabilizers. PPy prepared chemically with APS as oxidant and dodecylbenzene sulfonic acid 

[221] or butylnaphthalene sulfonic acid [222] as dopants exhibited good solubility in common 

organic solvents e.g., m-cresol, chloroform, dichloromethane. Similarly, PANI doped with 

dodecylbenzene sulfonic acid is soluble in common organic solvents [223]. The incorporation 

of large dopants impedes the inter- and intra-molecular interactions of the polymeric chains, 

and consequently improves their solubility [217,224]. Another strategy for the preparation of 

soluble CPs is the chemical modification of the monomers [15] by introducing substituents. 

Appropriate alkyl substituents on the thiophene ring improve the solubility of polythiophenes 

in common organic solvents [225]. In addition, the introduction of bulky substituents e.g., N-

(benzylideneamino) to pyrrole ring produces highly soluble PPy based polymer [219]. Also, 

sulfonic acid group substituent on the benzene ring of aniline prepares water-soluble self-doped 

PANI [220]. 
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1.6. Conducting polymers applications 

Conducting polymers have shown high environmental, chemical and electrochemical stability 

[226], as well as biocompatibility [227]. CPs have small band gaps (1.5–3.0 eV) [228], low 

density [229] along with reversible switch between conductive–insulating states through 

doping/dedoping processes [230]. Consequently, they have attracted massive interest in a broad 

spectrum of applications in various fields (Figure 11).  

 

 

Figure 11. Conducting polymers applications. 

 

CPs have been used in electronic and optoelectronic devices [231], energy storage and 

energy conversion applications e.g., rechargeable battery electrodes [232–235], solar cells with 

a high energy-harvest factor [231], light-emitting diodes [236] and electrical heating elements 

[237]. Various CPs have been utilized in chemical, electrochemical and bio-sensors [238], and 

analytical electrodes [239]. Also, they have been utilized in electromagnetic shielding to avoid 

electromagnetic interference [240], and antistatic- [241] and anti-corrosion coatings [242,243]. 

CPs can be used in gas separation membranes [244], ion selective electrodes [245–247], 

electrocatalysis [248] and the removal of various wastewater contaminants [249], in addition to 

potential applications in drug delivery systems [250] and tissue engineering [251]. 

Among the plenty of previously mentioned applications, CPs have been widely used in 

sensors. Various CPs were utilized as chemical sensors that can be used in aqueous or gaseous 

systems for the detection of hazardous pollutants e.g., ammonia vapors, and volatile organic 
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compounds [252–254]. Also, CPs were used for the detection of organic and inorganic species 

e.g., ascorbic acid [255], dopamine, uric acid [256] and metal ions [257]. CPs due to their 

excellent ability to immobilize biomolecules have been used as biosensors for the recognition 

and quantification of various biological analytes such as glucose, urea, cholesterol, lactate and 

some enzymes [258,259]. 

Due to the electrochemo-mechanically active properties of CPs [260], they were found 

very useful for the application in actuators or artificial muscles [260]. CPs doping/dedoping 

process is accompanied by reversible volume (swell/shrink) changes [261]. This process can be 

controlled by electric signals (current or potential). The mechanism of CPs actuators is very 

similar to natural muscles, which are triggered by nervous pulses that increase the concentration 

of Ca2+ in the surrounding muscles fibers [250]. Similarly, in CPs the electric pulses enforce 

doping/dedoping reactions, which involve ionic interactions/dissociation between the CPs 

chains and ions from solutions. Bilayer or multilayer actuator systems prepared from different 

CPs and nonconducting polymers [262–265] can bend reversibly in 360° by electrochemical 

oxidation/reduction in electrolytes. Results showed that electrochemically prepared PPy films 

have a very large actuation strain (∼30%) compared to the film cast from solutions of 

chemically prepared PPy (∼2.5%), due to the more diffusible molecular structures and higher 

conductivity of electrochemically prepared film, allowing easier charge transfer [266]. 

One of the most attractive properties of CPs is their catalytic activity. CPs were used 

widely in catalytic and electrocatalytic applications for decomposing toxic inorganic or organic 

compounds [248]. Reduced PPy films were found useful for the catalytic reduction of toxic 

hexavalent chromium Cr(VI) to Cr(III) [267]. Also, PANI-coated ITO electrode showed a 

continuous electrocatalytic reduction of Cr(VI) [268]. CPs (e.g., PANI, PPy and polythiophene) 

composite electrodes with Pt or Pb particles were used in the electrocatalytic oxidation of formic 

acid [269]. In addition, various CPs have shown high activity as catalysts for ORR. Very early, 

Jakobs et al. used PPy as a rotating ring-disc electrode for the ORR in acidic solutions [270]. 

Composite of PPy/carbon black has been used as an alternative of Pt electrocatalyst for ORR in 

microbial fuel cells [271]. PPy/carbon black electrode showed 15 times higher power per cost 

than Pt. Carbonized PPy/mesoporous silicate nanocomposite has shown enhanced 

electrocatalytic activity in ORR, exceeding the commercial Pt catalyst in an alkaline solution 

[272]. Similarly, carbonized two-dimensional PANI/mesoporous silica and mesoporous titania 

have shown high electrocatalytic activity towards ORR in alkaline solutions [273]. Composites 
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of PANI with graphene prepared by in-situ polymerization followed by carbonization were used 

as electrochemical ORR catalysts with higher activity than the benchmarked Pt/C catalyst [274]. 

Various CPs, in their pristine or composite forms, have been commonly used in 

environmental applications, for the removal of organic dyes, pharmaceutical, personal care 

products, pesticides and heavy metals from aqueous solutions through adsorption [249] or 

photocatalytic [275] or electrocatalytic [276] degradation. CPs due to their functional groups 

and high specific surface area can adsorb large amounts of organic or metallic contaminants. 

Also, they show high thermal stability and ease of functionalization with environmental 

sustainability [249]. The fundamental interaction mechanisms between CPs and different 

organic pollutants are based on: π–π interaction between the aromatic rings, electrostatic 

interactions between oppositely charged groups, hydrogen bonding and hydrophobic 

interactions [277]. Adsorptive removal of water contaminants is the most preferred approach 

compared to the other techniques, it is considered as the most economically feasible and highly 

effective method, also it is a fast and clean process, where no byproducts are formed [278]. In 

addition, the adsorption approach allows the regeneration and reusability of the adsorbents 

[279,280]. Table 1 presents the use of CPs and their composites for the adsorptive removal of 

water contaminants. Various CPs composites were applied to enhance the adsorption capacity 

by increasing specific surface area or/and in favor of the easy separation of adsorbents from 

solution. CPs aerogels have shown high adsorption capacity due to their large specific surface 

area, in addition, they are mechanically stable adsorbents [281,282]. The incorporation of 

magnetic nanoparticles allows the magnetic separation of the CPs composites with the aid of an 

external magnetic field [283–286]. 

 

Table 1. The adsorption capacity and specific surface area of various CPs and their composites 

used for the adsorptive removal of heavy metals and organic dyes from wastewater 

Material (Adsorbent) Contaminant 
Capacity, 

mg g–1  

Surface area, 

m2 g–1 
Reference 

PANI/PVAL aerogels Cr(VI) 41.2 N/A [281] 

PPy/Fe3O4/attapulgite Cr(VI) 53.37 N/A [283] 

Chitosan/PPy Cr(VI) 78.6 3.07 [287] 
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PANI/cellulose Cr(VI) 86.74 5.89 [288] 

PPy/Fe3O4 Cr(VI) 169.5 N/A [285] 

PANI nanotubes Cr(VI) 182  37.6  [289] 

Fe3O4/PANI Cr(VI) 200 N/A [284] 

PPy-PANI nanofibers Cr(VI) 227  [290] 

PPy/Fe3O4 Cr(VI) 243.9 N/A [285] 

PPy-PANI/Fe3O4 Cr(VI) 434.78 56.52 [291] 

γ-Fe2O3/chitosan/PPy Cr(VI) 301.2 61.7 [292] 

PPy/TiO2 Zn(II) 

Pb(II) 

Cu(II) 

77.81 

140.27 

9.01 

140 [293] 

Thiol-functionalized PPy Hg(II) 1736.8 12.86 [294] 

Poly(aniline-co-

sulfophenylenediamine) 

Hg(II) 497.7 N/A [295] 

PANI Hg(II) 600 35.4 [296] 

PPy As(III) 23 N/A [297] 

PANI/Fe0 As(III) 

As(V) 

232.5 

227.3  

N/A [298] 

Polythiophene/Sb2O3 Pb(II) 18.94 N/A [299] 

Poly(o-phenylenediamine) Pb(II) 103.20 N/A [300] 

Polythiophene/TiO2 Pb(II) 173.6 229.66 [301] 

Poly(m-phenylenediamine) Pb(II) 242.7 N/A [302] 

PPDA Pb(II) 253.2 N/A [302] 

PEDOT aerogel Pb(II) 

Hg(II) 

Basic fuchsin 

79.6 

184.1 

170 

216 [282] 

PPy hydrogel Rhodamine B 22.6 71 [303] 
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PANI/graphene oxide Methylene blue 14.2 N/A [304] 

PANI/reduced graphene 

oxide 

Methylene blue 19.2 N/A [304] 

PANI hydrogel Methylene blue 71.2 35.3 [305] 

Chitosan–

montmorillonite/PANI 

Methylene blue 111 N/A [279] 

PANI hollow nanotubes Methylene blue 

Acid green 25 

69.4 

57.8 

39.18  [306] 

PANI/chitosan Methylene blue 

Acid Green 25 

81.3 

240.4 

12.34 [280] 

PANI/carbon aerogel Acid Green 25 518 61.27 [307] 

PANI/chitosan Congo Red 

Coomassie blue 

322.58 

357.14 

N/A [308] 

PPy/carbon nanotubes-

CoFe2O4 

Methyl blue 

MO 

Acid Fuchsin 

137 

116.1 

132.15 

150.41 [309] 

ZnO-ZnFe2O4-PPy Congo red 74 N/A [310] 

CuFe@PANI MO 345.9 20.37 [311] 

PANI microspheres MO 154.56 N/A [312] 

Cellulose/Fe
3
O

4
/PPy RB 62.31 12.2 [313] 

PANI nanofibers RB 312.5 38.99 [314] 

PPy nanofiber/Zn-Fe Safranin 63.4 24.13 [315] 

PANI emeraldine salt Eosin Yellow 335 N/A [316] 

Fe
3
O

4
/TiO2/PPy Acid Red G 161.8 57.26 [286] 

poly(m-phenylenediamine) Orange G 469.5 284.5 [317] 
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2.  AIMS OF THE WORK 

The main goal of this work is to enhance the conductivity of the CPs, particularly PPy. 

The following approaches were used to obtain highly conductive PPy with high yield: 

• Preparation of PPy nanostructures in the presence of various organic dyes. 

• Frozen-state polymerization of PPy in the presence/absence of organic dyes. 

• Cryopolymerization of PPy in the presence of nanofibrillated cellulose (NFC). 

The other goal of this work is to utilize various CPs and their composites in the field of 

environmental treatment, for the removal of organic dyes and heavy metals from solutions. 

Magnetic nanoparticles were introduced into CPs matrix to provide a magnetic property that 

facilitates their separation from solutions by applying an external magnetic field. Additionally, 

highly porous PPy–NFC aerogel can be easily separated after the adsorption process. The 

following points were fulfilled: 

• PPDA/γ-Fe3O4 nanocomposites with various wt% of maghemite content were used to 

remove RB from aqueous solutions. 

• The in-situ preparation of PPy–NFC aerogels with different NFC contents.  

• PPy–NFC aerogels were used for the removal of heavy metals, Cr(VI), from aqueous 

solutions. 

• PANI/hexaferrite aerogels supported by PVAL were tested for the efficient removal of 

RB from aqueous solutions. 

The physicochemical properties of the PPy, PANI and PPDA and their composites, prepared 

by the previously mentioned approaches were fully studied and discussed. FTIR and Raman 

spectroscopies were carried out to confirm their chemical structures. Scanning and transmission 

electron microscopies (SEM, TEM) were used to study the morphologies. Thermal gravimetric 

analysis (TGA) was performed to study the thermal stability, and specific surface area was 

estimated using BET analysis. Conductivity was determined using the van der Pauw method. 

Also, the adsorption capacities of CPs toward the colored pollutants were estimated using UV-

Vis spectroscopy.  

The current Thesis consists of eight scientific papers published in international journals 

(Appendices 1–8) with a general introduction and a discussion of the papers’ contents. 
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3. EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES 

Chemicals, reagents, preparation procedures, in addition to instrumentations and measurements 

techniques are described in detail in the published papers (Appendices 1–8). Herein, the basic 

theories of the different characterization techniques are briefly discussed. 

 

• Ultraviolet-visible spectroscopy  

Ultraviolet-visible (UV-Vis) spectroscopy is a basic characterization technique, which is used 

in qualitative and quantitative analysis. It measures the absorbance spectra of chemicals in 

solution or as a solid. Absorption spectra reflect the molecules’ electronic transitions from the 

ground state (bonding and non-bonding electrons) to the excited state (anti-bonding) in the 

range of 1.5–6.2 eV region of energy (wavelength range of 200–800 nm). There are four 

possible types of transitions: π–π*, n–π*, σ–σ*, and n–σ*. Organic dyes and Cr(VI) heavy metal 

ions have well-defined characteristic absorption bands, and hence their concentrations by the 

aid of Beer-Lambert law (Eq. 3) can be estimated and followed by the UV-Vis spectra. 

𝐴 = log(𝐼0 ⁄ 𝐼) = 𝜀𝑙𝐶            (3) 

Where A is the absorbance, I0 is the incident light intensity at a given wavelength, I is the 

transmitted light intensity, ɛ, L and C represent the molar extinction coefficient (constant, 

characteristic of the material), the path length of the light through the sample and the absorbing 

species concentration, respectively. 

 

• Fourier transform infrared (FTIR) spectroscopy  

FTIR spectroscopy is an analytical technique used for the identification of the molecular 

structures of the organic, inorganic, and polymeric materials based on their functional groups 

infrared absorption frequencies. The FTIR spectra are collected by allowing infrared radiation 

to pass through the sample/potassium bromide (KBr) mixture pellets. Infrared radiation 

interacts with vibrational excitations of CPs and with their charge carriers. [318]. FTIR was 

proven to be useful for the identification and quantification of the various oxidation states of 

CPs, level of doping and polaron/bipolaron ratio. Herein, the FTIR spectra of the prepared CPs 

and their composites were recorded in the range 400–4000 cm–1. CPs powders were dispersed 
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in KBr with a ratio of 1 mg of finely ground sample to ~100–150 mg of KBr then compressed 

into pellets.  

 

• Raman spectroscopy 

Raman spectroscopy is a non-destructive analytical technique and is considered as 

complementary vibrational spectroscopy to FTIR. It is used to determine the vibrational modes 

which result in changes in the polarizability of the molecules. It depends on the inelastic Raman 

scattering of monochromatic (laser) light in the visible, near-infrared, or near UV region. The 

monochromatic light interacts with molecular vibrations, resulting in an energy shift. This 

energy shift provides information about the vibrational modes of the molecules, which help for 

sample identification and quantitation.  

In this study, NIR diode laser emitting at 785 nm, HeNe 633 nm laser and Ar-ion 514 nm 

laser were used. Spectra recorded using laser line 785 nm is in resonance with the electronic 

transitions (polaron absorption band) in PPy, and laser line 633 nm resonantly enhances 

polarons and bipolarons absorption bands. The 514 nm laser excitation energy is close to the 

electronic absorption in the used dyes and hence, the spectra of the dyes are enhanced. 

 

• Scanning electron microscopy (SEM) 

Scanning electron microscopy allows direct observation of surfaces morphology and 

topography of the CPs with 10–30 nm resolution. The contrast of the SEM images arises from 

the dependence of the secondary electrons’ numbers on the angle between the specimen surface 

and the primary electron beam. Also, EDX analysis was performed for CPs composites with 

high atomic number atoms e.g., Fe, Ag, etc. 

 

• Transmission electron microscopy (TEM) 

Transmission electron microscopy operates based on the same principles as the optical 

microscopy, however, an electron gun is used instead of a light source and electrostatic or 

magnetic electron lenses corresponding to glass lenses in optical microscopes. TEM provides 

images for the specimen with a significantly higher resolution (1–0.2 nm). Electrons transmitted 
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through thin specimens are used for image formation. TEM was used as a useful tool to 

distinguish between PPy nanofibers and nanotubes.  

 

• Conductivity  

Electrical conductivity or specific conductance is a fundamental material property, which 

represents the ability to conduct electric current. Conductivity (σ) is the reciprocal of electrical 

resistivity (ρ) which is defined as: 

𝜌 = 𝑅𝐴/𝑙              (4) 

And hence,  

𝜎 = 1/𝜌              (5) 

where R is the electrical resistance of a uniform specimen, Ɩ is the length and A is the cross-

sectional area of the specimen of the material. The electrical conductivity unit was calculated 

as siemens per centimeter (S cm–1). 

Figure 12. Powder samples preparation and electrodes arrangement for van der Pauw 

conductivity measurement. 

 

For the bulk conductivity measurements, homogeneous conducting polymers powders 

(dried over silica gel at room temperature and finely ground) were pelletized in a 13 mm 

diameter evacuable die under 70 kN (527 MPa) using a manual hydraulic press. A cylindrical 

shape pellet with a flat surface and uniform thickness (1±0.05 mm) was obtained. The 

conductivities were measured in the ambient conditions at room temperature by the van der 

Pauw method [319]. Four electrodes are placed on the edges of the sample perimeter as shown 
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in Figure 12, this configuration allows the van der Pauw method to estimate the average 

resistivity of the sample. 

The van der Pauw resistivity of a sample is calculated as follows: 

𝜌 =
𝜋𝑑

ln(2)
(
𝑅1+𝑅2

2
)𝑓(𝑅1 𝑅2⁄ )           (6) 

For symmetrical samples (disks with contacts at 90°), R1=R2 then,  

𝜌 =
𝜋𝑑

ln(2)
𝑅              (7) 

where d is the sample thickness and π/ln(2) is the van der Pauw constant. Resistance (R) is 

calculated from the linear section of the current-voltage plot, R=V/I. Hence the conductivity is 

calculated as follows: 

𝜎 =
ln(2)𝐼

𝜋𝑑𝑉
              (9) 

 

• Thermogravimetric analysis  

Thermogravimetric analysis (TGA) is a great method to study the thermal stability, thermal 

decomposition, combustions, oxidation or reduction reactions of the materials. TGA monitors 

the mass changes of a material as a function of temperature (to perform dynamic 

thermogravimetry with a constant temperature change rate) or time (to perform isothermal 

analysis, temperature is constant) in a controlled atmosphere (in the air or under inert gases). In 

this study, the weight change of CPs was measured as a function of temperature in air or under 

nitrogen. TGA plots of CPs and their composites were recorded in a heating rate of 10 °C min– 1 

and 50 mL min–1 of air or nitrogen flow. 

 

• Specific surface area (BET) analysis 

The specific surface area of a solid is the total surface area of a unit mass of the material. 

Brunauer–Emmett–Teller (BET) isotherms method is the most common method used to 

calculate the specific surface area which is an adsorption-based method. It is based on the 

physical adsorption of inert gas molecules (N2 or He) on a solid surface to quantify the number 

of binding sites (specific surface area). 
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4. RESULTS AND DISCUSSION 

4.1. Dyes in the tuning of polypyrrole morphology 

Conventional PPy is prepared by the oxidation of pyrrole with a suitable oxidant e.g., iron(III) 

chloride as a powder with globular morphology [113]. When the oxidation takes place in the 

presence of suitable organic dyes, one-dimensional morphologies, such as nanotubes or 

nanofibers are obtained [108]. Organic dyes can form various templates by various assembly 

mechanisms e.g., J-aggregates stabilized by π–π interactions [144], soluble salt–insoluble acid 

transition of most of the organic dyes [32] or by oligomerization of certain dyes [143]. 

 

4.1.1. Effect of cationic dyes 

Safranin and phenosafranin, the cationic dyes, were used as morphology-guiding agents for the 

conversion of PPy morphology (Appendix 1). However, safranin and phenosafranin have 

similar chemical structures, they form two different types of insoluble precipitates when mixing 

with iron(III) chloride (Figure 13). Safranin forms tiny fibrillar aggregates (Figure 13A), while 

phenosafranin generates relatively large microcubes (Figure 13B). Such precipitates can work 

as morphology-guiding agents to control the morphology of the PPy. Those precipitates are 

formed by the oxidation of safranin or phenosafranin dyes to corresponding insoluble oligomers 

[143]. 

 

 

 

 

 

Figure 13. Optical microscope images of formed templates by mixing 4 mM of (A) safranin 

and (B) phenosafranin with 0.25 M iron(III) chloride. (Appendix 1) 

A B 
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Effect of safranin concentration on PPy morphology  

The SEM analysis of a series of PPy prepared in the presence of various concentrations of 

safranin shows a significant effect of the safranin on the PPy morphology (Appendix 1). At the 

lowest concentration, 0.5 mM of safranin, a mixture of globules and nanorods was formed 

(Figure 14). At low safranin concentration, the formed templates population is low, and hence 

template content is consumed faster than pyrrole polymerization. By increasing the safranin 

concentration, exclusively nanofibers were obtained with different dimensions. 

 

 

Figure 14. SEM micrographs of polypyrrole prepared in the presence of 0.5 mM, 4 mM, 10 

mM, and 40 mM of safranin at room temperature. 

 

The TEM analysis (Figure 15) confirmed the formation of the mixture of 

nanotubes/nanofibers. At low safranin concentrations, PPy nanofibers were formed while at 

higher safranin concentrations, hollow nanofibers (nanotubes) were produced. However, no 

exclusive nanotubular morphology has been observed even at the highest safranin 

concentration. 

0.5 mM 4 mM 

10 mM 40 mM 
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Figure 15. TEM micrographs of polypyrrole prepared in the presence of 0.5 mM, 4 mM, 10 

mM, and 40 mM of safranin at room temperature. 

 

Effect of phenosafranin concentration on PPy morphology 

The SEM micrographs of PPy prepared in the presence of phenosafranin show that all produced 

fibers are accompanied by globules (Appendix 1). Phenosafranin is producing robust cubic 

templates with a low population (Figure 13B), hence, the phenosafranin templates deplete 

sooner from the polymerization mixture and globular PPy are therefore produced as the 

polymerization proceeds. The aspect ratio of the formed fibers is smaller compared to fibers 

prepared with safranin. TEM micrographs confirm the formation of nanotubes with rough 

0.5 mM 4 mM 

10 mM 40 mM 
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surfaces (Figure 16). The dimensions of the formed PPy nanotubes did not markedly change 

with the change of phenosafranin concentration. 

 

 

Figure 16. TEM micrographs of polypyrrole prepared in the presence of 0.5 mM, 4 mM, and 

40 mM of phenosafranin at room temperature. 

 

4.1.2. Effect of oxidant-to-monomer mole ratio (in the presence of safranin) 

A series of PPy was synthesized with variable oxidant-to-monomer mole ratios, at fixed pyrrole 

(0.2 M) and safranin (4 mM) concentrations, to study the effect on the morphology and 

conductivity of PPy. However, the optimum stoichiometric mole ratio of iron(III) chloride to 

pyrrole equals 2.5 [32], lower and higher mole ratios produce PPy with varied properties. At a 

0.5 mM 4 mM 

10 mM 40 mM 
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low oxidant-to-monomer mole ratio (1:1), the morphology of PPy was a mixture of fibers and 

globular particles (Figure 17), due to the less template’s population in the polymerization 

medium. By increasing the mole ratio up to 2:1, exclusively nanofibers were formed. At high 

mole ratios (3.5:1 and 5:1), a mixture of globular and fibrillar morphology is formed, due to the 

very high rate of polymerization at high oxidant concentrations which does not allow the PPy 

chain to organize into nanostructured morphology. 

 

 

Figure 17. Effect of oxidant-to-monomer mole ratio on the morphology of polypyrrole 

prepared in the presence of safranin. 

 

4.1.3. Effect of methyl red (anionic dye) 

Although, the preparation of PPy in the presence of methyl red (MR) acid form had no effect 

on PPy properties, either morphology or conductivity, surprisingly, when the preparation of 

PPy is carried out in the presence of MR sodium salt the morphology and conductivity of the 

produced PPy are strongly influenced. 

1:1 2:1 

3.5:1 5:1 
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Methyl red acid form is insoluble in the reaction medium and when introduced in the 

reaction mixture, it has no effect on the PPy formation; the morphology and conductivity remain 

unchanged. Water-soluble MR sodium salt precipitates when the strongly acidic oxidant (FeCl3) 

is added to the dye-containing pyrrole solution (Appendix 2). The forming MR precipitate 

simultaneously acts as an adsorption site for pyrrole oligomers, which is followed by the growth 

of PPy chains [320]. Such a template-supported growth of PPy is believed to produce better 

organized PPy chains, providing in addition to the morphology changes, the conductivity 

enhancement. 

The presence of MR salt, even at a low concentration (1 mM), influences the morphology 

by reducing the size of PPy globules (Figure 18). At 2 mM or higher MR salt concentration PPy 

with irregular flakes morphology is produced (Appendix 2). 

 

 

Figure 18. Morphology of polypyrrole prepared at room temperature in the absence and the 

presence of methyl red salt at 1 mM, 6 mM and 10 mM concentration at room temperature. 

(Appendix 2) 

0 M 1 mM 

6 mM 10 mM 
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The TEM investigation reveals that the PPy morphology is composed of irregular 

aggregates of tiny PPy particles (Appendix 2), which is obviously different than the 

conventional globular morphology prepared in the absence of dyes. By increasing the MR dye 

concentration, PPy particle size decreases, based on the fact that some dyes tend to behave as 

surfactants [321], with the tendency of the reduction of the PPy particle size with increasing 

dye concentration. 

 

4.2. Dyes in the enhancement of polypyrrole conductivity 

Polypyrrole conductivity was found to be dependent on its morphology to a certain extent 

(however, there is no direct correlation between the PPy conductivity and morphology). 

Conventional PPy has a typical globular morphology with the conductivity of few units (1–5) 

S cm−1 [32]. The introduction of organic dyes into the polymerization media, even at very low 

concentration, either converts PPy globular morphology into various one-dimensional 

nanostructures or decrease the size of the globules. This is based on the various dyes’ ability to 

form templates under certain conditions e.g., dyes pKa, hydrophobicity and aggregation rate 

(Appendices 1 and 2). 

 

4.2.1. Effect of cationic dyes 

The DC conductivity of PPy prepared with various concentrations of safranin was studied 

(Appendix 1). The conductivity of oligomeric safranin templates is low ~10–9 S cm–1 [143]. PPy 

prepared in the presence of safranin has much higher conductivity than the globular PPy 

(5 S cm–1) prepared in the dye absence. The PPy conductivity increased linearly with increasing 

the safranin concentration, reaching the maximum value of 35 S cm–1 at 4 mM of dye, then 

decreased again (Figure 19).  

Phenosafranin has a similar effect on the PPy conductivity, the conductivity reached its 

maximum value of 10.5 S cm–1 when 2 mM of phenosafranin was used (Figure 19). The 

conductivity enhancement is assigned to the better ordering of PPy chains in the nanotubular 

morphology compared to the less ordering chains in the globules. Also, nanotubular 

morphology is more favorable for the dopant distribution, which enhance the conductivity. At 
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high dyes concentrations, the fraction of non-conducting content (dye) is increased, which 

subsequently leads to decreasing of the conductivity. 

 

 

Figure 19. The dependence of polypyrrole conductivity on the molar concentration of safranin 

or phenosafranin added to the reaction mixture at room temperature. (Appendix 1) 

 

4.2.2. Effect of anionic dye 

However, MR sodium salt behaves differently than safranin and phenosafranin, a similar trend 

of conductivity was obtained by the addition of MR sodium salt to the pyrrole polymerization 

medium. PPy conductivity increased by increasing MR concentration till the maximum value 

of 84 S cm–1 at 6 mM of the dye, then decreased with a further increase in dye concentration as 

shown in Figure 20.  
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Figure 20. The dependence of polypyrrole conductivity on the molar concentration of methyl 

red sodium salt in the reaction mixture at room temperature. (Appendix 2) 

 

4.3. Effect of polymerization temperature on polypyrrole morphology and conductivity 

Polymerization temperature was found to greatly influence the properties of the chemically [75] 

and electrochemically polymerized [322]  PPy [50]. For the electrochemically prepared PPy 

conductivity remarkably increased with decreasing the polymerization temperature from 0.04 

S cm−1 at 60 °C to 26.3 S cm−1 at 1 °C [50]. Herein, we study the effect of pyrrole polymerization 

temperature in the absence or the presence of various organic days on the conductivity of the 

produced PPy nanostructures (Appendices 2–4). 

 

4.3.1. Neat polypyrrole 

The effect of polymerization temperature from +50 to −80 °C was studied for the neat PPy 

(Appendix 3). Decreasing the polymerization temperature was found to have a positive 

influence on PPy conductivity. PPy polymerized at a relatively high temperature of 50 °C had 

the lowest conductivity (~3 S cm–1). By decreasing the temperature of preparation, conductivity 
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increased to 24 S cm–1 at −24 °C (frozen condition), which is fivefold higher than conductivity 

obtained at room temperature (~ 5 S cm–1) as shown in Figure 21. Neat PPy prepared at −50 

and −80 °C showed conductivity of ~ 20 and 22 S cm–1, respectively. While the conductivity 

did not change compared to its value obtained at −24°C, the yield was highly decreased. FTIR 

and Raman spectroscopies confirmed the formation of PPy at all polymerization temperatures 

(50 to –50 °C) (Appendix 3). 

 

 

Figure 21. The influence of the polymerization temperature on the conductivity of the one-

dimensional polypyrrole prepared in the presence of safranin and the globular polypyrrole 

prepared without safranin. 

 

4.3.2. Polypyrrole nanostructures 

The PPy polymerized in the presence of safranin at frozen state, −24 °C, showed the 

conductivity of 175 S cm−1, which is the highest conductivity reported in the literature for PPy 

powder prepared by simple oxidative polymerization approach (Figure 21). The high 

conductivity of PPy prepared in the frozen condition can be attributed to a higher level of 

protonation evidenced by Raman spectroscopy (Appendix 3) and a better ordering of PPy 

chains. 
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Polypyrrole was also prepared in the presence of other organic dyes; MO and AB in the 

frozen conditions at −24 °C (Appendix 4). PPy nanotubes prepared in the presence of MO 

showed a significant increase of conductivity from 55 S cm−1 obtained when prepared at room 

temperature to 109 S cm−1 at −24 °C. The same trend was observed for the PPy nanofibers 

prepared in the presence of AB. The conductivity of 150 S cm−1 was reached by frozen-state 

polymerization, while 32.5 S cm−1 was obtained at room temperature. Nonetheless, frozen-state 

polymerization has not influenced on the morphology of one-dimensional PPy prepared in the 

presence of dyes, except for a reduction in their dimensions.  

Frozen-state polymerization of pyrrole in the presence of MR enhances the conductivity 

of PPy (104 S cm−1 when prepared at −50 °C), however, no one-dimensional morphology was 

formed (Appendix 2). This confirms that one-dimensional morphologies are not prerequisites 

for the high conductivity of PPy. 

The conductivity of CPs depends on their microscopic (intrinsic) and macroscopic 

(extrinsic) properties. Microscopic properties are based on the doping level, conjugation length 

and intra-chain interactions, while the macroscopic properties depend mainly on the inter-chain 

interactions, morphology and packing of the CPs chains [323]. Frozen-state polymerization was 

found to influence both micro- and macroscopic properties. It produces PPy chains with higher 

molecular weight and less defects which leads to improved conductivity. 

 

4.4. Microporous sponge-like polypyrrole–nanofibrillated cellulose aerogels 

PPy–NFC was prepared via in situ oxidative polymerization of pyrrole with iron(III) chloride 

in the presence of NFC at frozen conditions. The influence of the NFC content on morphology, 

conductivity, mechanical properties and specific surface area of PPy–NFC aerogels was studied 

(Appendix 5). 

The SEM investigation of all the PPy‒NFC aerogels prepared with various NFC contents 

show homogenous and highly porous sponge-like three-dimensional networks without any 

globular PPy aggregates (Figure 22). The porous structure is assigned to the growth of ice 

crystals during cryopolymerization. Due to the hydrophobic nature of pyrrole monomer, it has 

a higher affinity to polymerize on the NFC surface than ice crystals. Entangled fibers of the 

NFC work as a template of three-dimensional networks and PPy works as an adhesive coating 

to fix them together [324,325]. The hydrogen bonding between nitrogen in PPy chains and 
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hydroxyl groups on cellulose fibers guarantees the homogenous coating of PPy (FTIR and 

Raman analysis, Appendix 5). Synthesis of PPy‒NFC with low contents of NFC (0.1‒0.5 wt%) 

creates microporous structures with thinner interconnected fibers, while at higher contents of 

NFC (0.7‒2 wt%) the NFC fibers tend to bundle together in thicker aggregates (Figure 22). 

 

 

Figure 22. SEM micrographs of polypyrrole–nanofibrillated cellulose aerogels prepared with 

various contents of nanofibrillated cellulose. 

 

The DC conductivity of the compressed pellets of protonated PPy–NFC aerogels (their 

corresponding cryogels were washed with 0.2 M HCl solution before freeze-drying to maintain 

the doping level), and deprotonated PPy–NFC aerogels (their cryogels were washed thoroughly 

with Milli-Q water before freeze-drying, which leads to partial deprotonation) were compared 

(Figure 23). The conductivity of protonated PPy–NFC aerogels is almost the same as of the neat 

PPy prepared in the same condition (frozen-state polymerization) with the value of 24 S cm–1 

(Appendix 3). Moreover, they all exceeded the conductivity of neat PPy prepared at room 

temperature (units S cm−1). The highest conductivity of 31 S cm–1 was obtained for PPy–NFC 
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aerogel prepared with 0.7 wt% of NFC, owing to the highest bipolaron to polaron ratio as 

confirmed by the Raman analysis (Appendix 5). Results also show that PPy‒NFC aerogels 

partially preserve their conductivity at neutral conditions.  

 

 

Figure 23. The conductivity of polypyrrole–nanofibrillated cellulose aerogels with varying 

nanofibrillated cellulose content. Samples have been washed with 0.2 M HCl or Milli-Q water, 

respectively. (Appendix 5) 

 

All the aerogels have higher specific surface area and higher thermal stability compared 

to the neat individual components. Also, the mechanical properties were found to be strongly 

dependent on the contents of the NFC. Tensile modulus proportionally increases with increasing 

the NFC content as shown in Figure 24.  
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Figure 24. Tensile modulus of polypyrrole–nanofibrillated cellulose cryo- and aerogels with 

varying nanofibrillated cellulose content. (Appendix 5) 

 

4.5. Nitrogen-enriched carbonaceous materials based on polypyrrole nanotubes 

Conducting polymers, such as PANI or PPy can be easily carbonized in an inert atmosphere to 

nitrogen-enriched carbonaceous materials [326,327]. Thermal treatment of PPy under N2 

atmosphere was found to preserve the initial morphology and substantially increase the specific 

surface area of the product [326]. This allows tailoring desired morphologies of novel carbon 

materials, which can be used as cheap alternatives to carbon nanotubes.  

Herein, we firstly convert PPy nanotubes (prepared in the presence of MO) to their 

carbonized analog (Appendix 6). Carbonized PPy was then coated with 20% w/w of neat PPy 

or PPy prepared in the presence of MO or AB. 

By simple pyrolysis at 650 ºC under inert (N2) atmosphere, PPy nanotubes’ original 

morphology was preserved; however, the nanotubes became shorter due to shrinkage by mass 

loss on heating (Figure 25). The carbonized PPy nanotubes were then used as a template for the 

deposition of PPy. The coating of carbonized PPy nanotubes with PPy does not change its 

morphology, and the TEM analysis showed that all newly produced PPy was deposited on the 
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surface of the carbonized PPy nanotubes (Appendix 6). The successful coating appeared as an 

increase in the thickness of the carbonized PPy nanotubes walls.  

 

Figure 25. Scanning and transmission electron microscopy images of polypyrrole nanotubes 

before (A, B) and after (C, D) carbonization at 650 °C. 

 

The conductivity of the precursor PPy nanotubes (before carbonization) was 55 S cm−1 

or 0.1 S cm−1 measured by the DC conductivity of the compressed pellets (by van der Pauw 

method) or AC conductivity for its powder, respectively. The conductivity of carbonized PPy 

nanotubes powder dropped to 3×10–4 S cm−1 (the carbonized productes are not compressible 

into pellets). Subsequent coating with three types of PPy led to an increase in the conductivity 

to 3×10–2 S cm−1 for coating with neat PPy, 8×10–2 S cm−1 in the presence of AB and 0.15 S 

cm−1 in the presence of MO, which is higher than the conductivity of original PPy nanotubes 

(Appendix 6). 
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4.6. Applications of nanostructured conducting polymers composites  

Conducting polymers properties such as ease of preparation, low cost, chemical and 

electrochemical activity and biocompatibility allows a wide range of applications. Composites 

of CPs are used to enhance their performance and to overcome some of their drawbacks. 

In this section, the use of various CPs composites in two main fields of applications is 

discussed. Carbonized PPy nanotubes and their PPy-coated materials were used as catalysts for 

ORR. PPDA/γ-Fe2O3 composites, PANI/hexaferrite aerogels and PPy–NFC aerogels were used 

in the field of water treatment for the adsorptive removal of organic dyes and heavy metal ions 

from water. 

 

4.6.1. Catalytic activity towards oxygen reduction reaction 

The oxygen reduction reaction of O2 to H2O2 or H2O is a very important process in 

electrochemical energy conversion e.g., in fuel cells [328]. CPs are considered as an interesting 

alternative to the precious metals e.g., Pt to be used as electrocatalysts [170]. High surface area 

together with high porosity and electroactivity are important factors to enhance the efficiency 

of electrocatalysts [329]. 

Materials obtained by the coating of carbonized PPy nanotubes (Appendix 6) reveal an 

interesting deactivation effect upon cycling in O2-saturated alkaline solutions where the 

measurements were performed using rotating disk electrode technique in KOH solution 

(Appendix 6). As shown in Figure 26, the ORR process is witnessed by both the reduction of 

faradaic response in O2-saturated solution and by the decrease of capacitive response after 

cycling in the presence of O2. The deactivation process is assigned to the deprotonation of the 

PPy shell (coating of the carbonized-PPy nanotubes core) and its irreversible transformation in 

the presence of the products of O2 reduction (hydrogen peroxide). The precursor PPy nanotubes 

(before carbonization) was found to be not active for ORR, which matches the results reported 

before [330]. 
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Figure 26. Consecutive cyclic voltammograms of carbonized polypyrrole 

nanotubes/polypyrrole in O2-saturated 0.1 M KOH (potential sweep rate 20 mV s−1, electrode 

rotation rate 600 rpm). Inset depicts baselines recorded in N2-purged 0.1 M KOH at 100 mV s− 1 

before and after potentiodynamic cycling in O2-saturated solution. 

 

The results show that the neat carbonized PPy has the best activity among all the tested 

materials (Figure 27), which is due to the higher nitrogen content on the surface, (observed by 

XPS, Appendix 6). Also, ORR response was found to increase with increasing the specific 

surface area. 

The selectivity of the various materials used as ORR catalysts was determined using 

Koutecky-Levich analysis [331]. This analysis allows determining the apparent number of 

electrons consumed per O2 molecule. The results as presented in Table 2 show that neat 

carbonized PPy nanotubes are very selective towards the complete reduction of O2 to H2O via 

4e− pathway. The results also suggest the possibility to modulate ORR selectivity by PPy 

coating shell. Different PPy-coated carbonized PPy nanotubes materials offer different 

selectivity towards O2 reduction (Table 2). This effect is probably due to a reduced specific 

surface area, resulting in a lower number of active sites for O2 reduction when compared with 

the neat carbonized PPy nanotubes. Moreover, the formation of molecular shell over 
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carbonaceous core hinders the effective reduction of O2. This observation shows that tailoring 

of the polymeric shell over ORR active carbonaceous core allows for the tuning of the catalyst 

selectivity and optimizing the performance of the materials for given applications, from fuel 

alkaline cells to electrochemical synthesis of hydrogen peroxide. 
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Figure 27. Comparison of oxygen reduction reaction polarization curves recorded under 

rotating disk electrode conditions (1800 rpm) for the neat carbonized polypyrrole nanotubes 

and with various coatings in O2-saturated 0.1 M KOH. 

 

Table 2. Calculated number of electrons per O2 molecule using Koutecky-Levich analysis 

E vs SCE/V 

Number of electrons per O2 molecule 

carbonized 

PPy 

nanotubes 

carbonized PPy 

nanotubes/PPy 

carbonized PPy 

nanotubes/PPy in 

MO 

carbonized PPy 

nanotubes/PPy in 

AB 

−0.50 4.20±0.1 2.5±0.1 1.9±0.2 2.20±0.10 

−0.60 4.03±0.05 2.5±0.1 1.7±0.2 2.10±0.10 

−0.70 3.85±0.02 2.4±0.1 1.7±0.2 2.03±0.08 

−0.80 3.55±0.06 2.3±0.1 1.7±0.2 1.92±0.08 
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4.6.2. Water treatment applications 

Dyes, heavy metal ions, pesticides, drugs and personal care products are typical wastewater 

pollutants that may display eco-toxic hazards and potential bioaccumulation dangers [332,333]. 

Various techniques e.g., coagulation, flocculation, biodegradation, adsorption, ion exchange, 

and photocatalytic degradation are used to remove organic and inorganic pollutants from 

wastewater [334–336]. Among the previously mentioned methods, adsorption is considered a 

promising technique, due to its high efficiency, low cost and reusability. The adsorption process 

of most organic contaminants onto the CPs composites is classified as physisorption based on 

hydrogen bonding, electrostatic or – interactions, etc. 

In this section, various CPs composites i.e., PPDA, PANI and PPy composites have 

been used as adsorbents for the removal of contaminants (organic dyes and heavy metal ions) 

from water. 

 

4.6.2.1.  Removal of organic dyes 

Poly(p-phenylenediamine)/maghemite composite for the removal of Reactive Black 5 

Poly(p-phenylenediamine) and its composites have been widely utilized for the removal of 

heavy metals e.g., Cr(VI), Pb(II), As(V), and organic contaminants e.g., organophosphorus 

pesticides [337,338]. PPDA can be easily prepared and it shows excellent environmental and 

thermal stability, and biocompatibility [339]. The incorporation of magnetic iron oxide 

nanoparticles to the PPDA allows for the preparation of hybrid composites with magneto-

conductive properties, which allows the easy control by an external magnetic field.  

Poly(p-phenylenediamine)/maghemite (PPDA/γ-Fe2O3) composites were prepared by the 

oxidative polymerization of p-phenylenediamine with APS (as the oxidant) in the presence of 

various contents of γ-Fe2O3 nanoparticles (Appendix 7). The adsorption property of the 

composites was examined for the removal of RB anionic dye from aqueous solutions.  

Results in Appendix 7 show that PPDA/γ-Fe2O3 prepared with 25 wt% of γ-Fe2O3 has the 

highest specific surface area of 71 m2 g‒1 and the highest adsorption capacity (Qmax) of 223 

mg g−1. The neat PPDA showed Qmax of 185.2 mg g−1 while PPDA prepared with 50 wt% of γ-

Fe2O3 has Qmax of 123.2 mg g−1. The results showed that specific surface area and wt% of 

adsorption-active PPDA phase of the composites plays key role in the adsorption capacity. 
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PPDA/γ-Fe2O3/25 and PPDA/γ-Fe2O3/50 contain respectively 93 and 55 wt% of the active 

PPDA that is effective for the RB adsorption. The γ-Fe2O3 nanoparticles have no affinity 

towards RB dye (Appendix 7). Protonated PPDA can electrostatically adsorb the anionic RB 

dye in addition to π-π stacking of aromatic rings. The incorporation of γ-Fe2O3 not only 

enhances the adsorption capacity of the composite but also allows easy separation of the 

composites from the adsorption medium via an external magnetic field (Figure 28). 

 

 

Figure 28. Aqueous solution of Reactive Black 5 (30 mg L−1) before and after the adsorption 

by poly(p-phenylenediamine)/maghemite 50 wt% composite and separation by an external 

magnet. 

 

Polyaniline/hexaferrite aerogels for the removal of Reactive Black 5  

The cryogel of PANI/Ni2SrCrxW hexaferrite supported with PVAL has been prepared by a one-

step procedure (Appendix 8). The incorporation of magnetic hexaferrite particles into the 

aerogel matrix (obtained by the freeze-drying of the cryogel) was confirmed with SEM and 

magnetization measurements (Appendix 8). The results also show that the macroporous PANI 

aerogels can perfectly host the hexaferrite particles with enhanced coercive force above that of 

the neat ferrite. The high value of magnetic coercivity allows for the easy separation of the 

aerogels from solutions. The conductivity and redox properties of PANI have not been directly 
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exploited in the adsorption study, however, they could be used for the controlled 

adsorption/desorption by electrochemical switching between the PANI oxidation states. 

The results illustrate the efficiency and feasibility of PANI/hexaferrite application in 

water-pollution treatment on an example of an anionic dye (RB). Figure 29 shows the efficient 

adsorptive removal of RB dye (55 mg L–1) by the aerogel (50 mg), where the intensive dark 

color of the dye solution was totally removed (with dye removal of 99%) within 4 h. 

PANI/hexaferrite aerogel offers a new type of macroporous dye absorbents with good 

mechanical properties, which can be easily separated from the aqueous medium. 

 

 

Figure 29. The aqueous solution of Reactive Black 25 (55 mg L–1) becomes nearly colorless 

after adsorption onto the magnetic PANI/PVAL hexaferrite aerogel for 4 h. 

 

4.6.2.2. Removal of heavy metal ions 

Polypyrrole–nanofibrillated cellulose aerogels for the removal of Cr(VI) ions 

Cellulose, PPy and their composites have been widely used in water treatment for the removal 

of heavy metals ions. Cellulose fibers loaded with PPy were used to improve the utilization of 

waste paper through the “waste treatment by waste” strategy for the removal of Cr(VI) from 

water [228].  

Herein, mechanically stable PPy–nanofibrillated cellulose (NFC) aerogels (Appendix 5) 

are used for the removal of Cr(VI) ions from water. They possess high surface area, oxidation-
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reduction properties and straightforward preparation with low cost. Also, they provide an easy 

separation method from the solution after the adsorption process (Appendix 5). The adsorption 

of Cr(VI) took place in acidic conditions, where Cr(VI) ions exist in the form of HCrO4
−, which 

facilitates the electrostatic interactions with the positively charged protonated PPy chains. 

Spectroscopic results revealed a dependence of the adsorption capacity on the NFC 

contents in the PPy‒NFC aerogels (Figure 30). However, the pristine NFC revealed no affinity 

towards Cr(VI). The incorporation of NFC into PPy has led to a significant enhancement of the 

adsorption capacities of the composites. Among the various PPy‒NFC aerogels, PPy‒NFC 

prepared with 2 wt% of NFC has the lowest adsorption capacity of 142.4 mg g−1 and the lowest 

removal efficiency of 75%. PPy‒NFC prepared with 0.3 wt% of NFC has shown the highest 

adsorption capacity of 183.6 mg g−1 and removal efficiency of 98%. The high adsorption 

capacities of PPy–NFC can be assigned to their high specific surface area (34.5 to 67.3 m2 g−1) 

(Appendix 5) and the ion exchange capability of PPy. 

The adsorption capacity of PPy‒NFC prepared with 0.3 wt% NFC aerogels is higher than 

most of the reported similar materials. PPy/chitin showed a maximum adsorption capacity of 

28.9 mg g−1 [340], while PPy/chitosan had an adsorption capacity of 78.6 mg g−1  [287]. 

PANI/PVAL aerogel prepared in the same way as PPy–NFC aerogel exhibited only 41.2 mg g−1 

of maximum adsorption capacity of Cr(VI) ions [281].  

 

Figure 30. (A) UV-Visible spectra of Cr(VI) ions solutions (35 mg L−1, 50 mL) after adsorption 

onto the neat nanofibrillated cellulose and polypyrrole‒nanofibrillated cellulose aerogels with 

various nanofibrillated cellulose contents (10 mg), and (B) their corresponding adsorption 

capacities (Qe). (Appendix 5) 
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5. CONCLUSIONS  

• Organic cationic dyes, safranin and phenosafranin, have been used as templates for pyrrole 

polymerization. Their insoluble precipitates when mixing with iron(III) chloride solutions 

play a major role to convert conventional globular PPy into one-dimensional 

nanostructures. 

• The conductivity of one-dimensional PPy nanostructures prepared in the presence of 

safranin or phenosafranin was enhanced, and the highest conductivity of 35 S cm–1 and 10 

S cm– 1 were obtained when 4 mM safranin and 2 mM phenosafranin were used, 

respectively, compared with 5 S cm–1 obtained for the neat PPy. Enhancement of the 

conductivity is assigned to the better organization of PPy chains in thin one-dimensional 

structures than in globules. 

• Oxidant-to-pyrrole mole ratio has a significant effect on the conductivity, yield and 

morphology of PPy.  

• The presence of MR sodium salt, anionic dye, during the preparation of PPy has enhanced 

the conductivity up to 84 S cm−1 depending on the dye concentration. The morphology of 

PPy, however, was neither globular nor nanotubular, and irregular particulate fragments 

dominated. 

• Decreasing the polymerization temperature leads to significant conductivity changes. 

However, it doesn’t drastically affect the morphology, except the dimensions of the PPy 

fibers or globules. Frozen-state polymerization of pyrrole in the presence of various dyes 

(safranin, AB and MO) produces one-dimensional nanostructures with high conductivity. 

The highest conductivity of 175 S cm−1 was obtained when PPy was prepared in the 

presence of safranin at −24°C. One-dimensional morphology of PPy, nanofibers or 

nanotubes, is not the main prerequisite for the high conductivity, and the conductivity 

above 100 S cm−1 can be achieved even for globular-like morphologies (e.g., PPy prepared 

in the presence of MR). 

• Carbonized PPy nanotubes coated with various types of PPy in the presence of organic 

dyes were obtained with high specific surface area. The thickness of the PPy coatings 

proved to have a marked effect on the capacitive performance.  
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• The incorporation of γ-Fe2O3 nanoparticles into the PPDA matrix has enhanced the 

adsorption capacity and provided an easy way for magnetic separation of the composites. 

The adsorption process of RB onto PPDA and its composites was found to follow the 

Langmuir isotherm model with maximum adsorption monolayer capacities of 185, 233 and 

123 mg g−1 for PPDA, PPDA/γ-Fe2O3/25 and PPDA/γ-Fe2O3/50, respectively. 

• The incorporation of Ni2SrCrxW hexaferrite particles into PANI/PVAL cryogels has 

increased the coercive force of the corresponding aerogels above its neat form value. The 

magnetic properties allow for the magnetic separation of the aerogel (adsorbent) from the 

aqueous medium after the adsorption process. 

• Pyrrole was polymerized under the frozen conditions in the presence of low contents of 

NFC to form three-dimensional PPy–NFC cryogels. The sponge-like and lightweight 

aerogels with excellent mechanical properties and high conductivity were obtained by 

facile freeze-drying of their corresponding cryogels. Thanks to the high specific surface 

area and ion exchange capability, PPy‒NFC aerogels have shown high adsorption 

capacities towards Cr(VI) metal ions, and the highest value of 183.6 mg g−1 was attained 

for aerogel with 0.3 wt% of NFC. 
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