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A B S T R A C T   

Faced with the complex and severe water pollution situation, various water treatment technologies are devel
oping rapidly. Environmental functional materials, as the material foundation for technological development, 
have received increasing attention. Polypyrrole is a black conductive polymer, which can be easily obtained 
through the oxidation polymerization of pyrrole monomer. Polypyrrole has the characteristics of nontoxicity, 
low density, high purity, light absorption, electric conductivity, antibacterial, corrosion resistance, modifiability, 
and is therefore widely used in water treatment technologies. This work summarizes the research achievements 
of polypyrrole in water pollution control technologies such as separation and purification, oxidation and 
reduction, antibacterial and disinfection in the past decade. Specifically, the synthesis methods, modification 
strategies, and application scenarios of polypyrrole are introduced; the direct and indirect action mechanisms in 
corresponding water treatment technologies of polypyrrole are analysis, and the relationship between structural 
properties and application technology of polypyrrole is established. Moreover, a critical summary of the current 
research advances of polypyrrole was conducted, and potential future research and development direction are 
prospected.   

1. Introduction 

Water is not only essential for sustaining life, but it is also a common 
hiding place for dirt and pollutants. As we all know, water pollution can 
be attributed to both natural and human factors. However, with the 
rapid development of industrialization, human activities have signifi
cantly contributed to the deterioration of water quality, resulting in 
increasingly complex and severe water pollution [1]. The types of pol
lutants that contaminate water can be classified into inorganic com
pounds (such as heavy metals, acid-base salts, and radionuclides), 
organic pollutants (such as pesticides, pharmaceuticals, and chemical 
raw materials), and microbial pollutants (bacteria and viruses) [2]. 

Various water pollution control technologies have been researched 
and developed based on the unique characteristics of different pollution 
sources. These technologies include separation and purification, oxida
tion and reduction, antibacterial and disinfection. Materials, as vital 
carriers for these technologies, have been extensively studied, such as 
carbon materials (graphene, carbon nanotubes, and biochar) [3], 
semiconductor materials (metal oxides, metal sulfides, and metal 
phosphides) [4], as well as organic polymer materials (chitosan, 

cellulose, and dopamine) [5]. Notably, conductive polymers exhibit the 
characteristics (mechanical stability, photoelectric characteristics, flex
ible) of the above three types of materials [6], and are receiving 
increasing research attention. 

Common conductive polymers include polyacetylene, polypyrrole, 
polythiophene, polyaniline, polyphenylene, etc. Among them, poly
pyrrole (black), polythiophene (red) and polyaniline (mottled) with 
heteroatoms increase the electron cloud density of the polymer and 
activate it, showing excellent physical and chemical properties [7]. 
Especially, polypyrrole (PPy) is inexpensive, non-toxic, easy to obtain, 
and has excellent light absorption, electric conductivity and biocom
patibility, making it an ideal environmental functional material (Fig. 1). 

In recent years, the annual publication volume of PPy has remained 
stable at around 1500, with approximately 300 publications related to 
water (Fig. 2). Although several review articles on PPy water pollution 
control have been published, they mainly focus on a certain type of PPy- 
based material, the treatment of a specific pollutant, or the research 
application in a particular technology [8–11]. However, there is a lack of 
a comprehensive review report on PPy in the field of water pollution 
control, which results in limited consideration of the connection 
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between material modification and technological intersection. This 
work aims to summarize the research achievements of PPy-based ma
terials in the field of water pollution control, categorize them by tech
nology type and action mechanism, and clarify the connection and 
synergetic development between materials modification and techno
logical application. Moreover, in addition to focusing on system per
formance, this review pays more attention to the design ideas, 
improvement strategies, and existing problems of the technology. 
Finally, based on the summary and analysis of existing research results, 
this review highlights the remaining challenges and potential future 
directions in the field of PPy-based materials for water pollution control. 

2. Synthesis and modification strategy of polypyrrole 

Pyrrole oxidative polymerization can be divided into two types, 
namely, chemical oxidative polymerization and photoelectric oxidative 
polymerization (Fig. 3a). Commonly used oxidants include iron chlo
ride, silver nitrate, potassium iodate, perchloric acid and persulfate. 

Photoelectric oxidative polymerization methods include gamma ray 
oxidation [12], UV photooxidation [13] and anodic oxidation [14]. In 
the process of oxidative polymerization, the pyrrole ring undergoes a 
one-electron loss to generate an active intermediate that undergoes 
repeated bonding, rearrangement, and deprotonation processes, ulti
mately forming PPy (Fig. 3a). 

Regarding its optical properties, pyrrole monomer is a colorless oily 
liquid, and as its increasing oxidation degree, the color of the polymer 
changes from colorless to black. This color transition can be explained 
by the fact that as the polymerization degree increases, the energy levels 
between the lowest and highest occupied orbitals in the molecular or
bitals become closer, thereby reducing the excitation energy and causing 
the light absorption to shift from short to long wavelengths. When the 
polymerization degree covers the entire visible light region, the material 
appears black (Fig. 3a). 

For the electric properties of PPy, due to its large π conjugated 
structure, the delocalized π electrons on the double bond can migrate 
along the molecular chain, resulting in high electric conductivity. 
However, unlike its optical properties, the electric conductivity of pol
ypyrrole is affected by many factors. Pang et al. compared various fac
tors on the conductivity of PPy, and found that when peroxide occurred, 
PPy would lose its electric conductivity and charge. When FeCl3 was 
used as oxidizing agent, and the ratio of oxidant to monomer is 2 ± 1, 
PPy-based materials with excellent electrical conductivity can usually 
obtained [21]. Moreover, doping can change the electronic structure of 
PPy and induce electron delocalization [22]. 

Direct polymerization of pyrrole suffers from drawbacks such as 
particle agglomeration and low yield. To overcome these limitations, the 
template method has been employed to coat PPy on nanomaterials with 
different sizes, morphologies, structures, and physicochemical proper
ties, resulting in high-performance PPy composite materials (Fig. 3b) 
[23,24]. In addition, both electrodeposition and interfacial polymeri
zation can obtain PPy films, and membrane materials with different 
properties can be obtained by adjusting polymerization conditions 
[16,20]. 

The molecular structure of PPy can be modified by the following 
three means (Fig. 3c): 1) The secondary amino protonation of pyrrole is 
positively charged under acidic conditions. Anion doping (protonic acid, 
organic acid, etc.) can be used to introduce anions or other functional 
groups on the molecular chain of PPy, thereby improving the conduc
tivity and activity of PPy [25]; 2) Copolymerization doping (polyaniline, 
polydopamine, etc.) can reduce the electron migration barrier while 
introducing other material characteristics, thereby enhancing the 
physical and chemical properties of PPy [26]. This technology is mostly 
used in energy, medical and other fine processing fields [27,28]; 3) In 
addition to improving the properties of PPy and its composite materials 
during the preparation process, the synthesized PPy material contains 
active amino groups that can be modified on the surface to alter the 
physicochemical properties of PPy and its composite materials [29,30]. 

3. Technologies for polypyrrole in water pollution control 

In a variety of water pollution treatment technologies, the excellent 
usability and environmental coordination of materials are the most 
concerned. The properties and modifiability of PPy greatly expand its 
application scope and research content, and it is often used as the main 
body and medium in various water treatment technologies. In this sec
tion, the application fields and action mechanism of PPy are analyzed in 
detail from the separation and purification technology, oxidation and 
reduction technology, antibacterial and disinfection technology. 

3.1. Separation and purification technology 

3.1.1. Adsorption technology 
Adsorption of organics: PPy has good adsorption performance for a 

variety of organic pollutants, such as organic dyes, drugs, oil pollution, 

Fig. 1. Properties of PPy-based materials and their application in water 
pollution control. 

Fig. 2. Annual number of articles on the keywords “polypyrrole” and “poly
pyrrole + water” in Web of Science. 

W. Wang et al.                                                                                                                                                                                                                                  



Separation and Purification Technology 330 (2024) 125265

3

etc. [17,31–33]. To overcome the limitations of direct oxidative poly
merization of pyrrole, collaborative preparation of PPy with other 
environmental functional materials through heterogeneous nucleation 
technology has been proposed to significantly increase its active area 
and adsorption capacity [34]. Furthermore, anionic doping has been 
applied to modify the zeta potential of PPy-based materials, and intro
duce new functional groups to increase interaction sites, thereby 
enhancing their structural affinity and chemical reactivity towards 
pollutants. Some of the reported doping substances include p-methyl
benzenesulfonic acid, carboxymethyl cellulose, cyclodextrin mercaptan, 
and 4-vinylpyridine, among others [24,35]. Additionally, surface 
modification of PPy with organic acids can lead to the development of 
superhydrophobic materials, which have potential application prospects 
for oil–water separation (Fig. 4a) [29]. Moreover, because pyrrole can 
polymerize on the surface of a variety of materials and in environmental 
media, it provides many possibilities for the morphological structure of 
its composite materials, such as the preparation of hydrogel and aerogel 
materials, which meets the storage and recovery requirements of 
adsorbent materials [36,37]. 

Considering the molecular and electronic structures of adsorbates 
and adsorbents, the adsorption force of PPy based materials is mainly 
electrostatic interaction, hydrogen bonding, π - π conjugation, void 
filling, etc. (Fig. 4b). Among them, the electrostatic action and π-π 
conjugation action are the main forces. 

The adsorption and desorption process of PPy (FeCl3 as oxidant) on 
organic matter is shown in Fig. 4c. Under acidic conditions, PPy 

protonation and electrostatically adsorbs Cl− in water, and then nega
tively charged organics are adsorbed on PPy through ion exchange. 
Under alkaline conditions, PPy deprotonation leads to desorption of 
adsorbed organics. For the electronically controlled PPy adsorption and 
desorption behavior, the process is described as follows: under positive 
potential (oxidation state), PPy is protonation and thus has positive 
charge, the negative pollutants can be absorbed through anion ex
change; Under negative potential (reduced state), PPy deprotonation, 
leading to the resolution of adsorbed pollutants (Fig. 4d) [38]. 

To better understand the adsorption process, the dominant adsorp
tion force can be determined by the surface static charge distribution, 
electron density and differential charge density. Chen et al. studied the 
adsorption and removal of tetracycline by PPY/CMC aerogels, and the 
results showed that tetracycline removal efficiency was good in the 
range of pH = 4–10, suggesting that electrostatic adsorption (sensitive to 
pH) was not the main adsorption process. According to electrostatic 
potential and electron density analysis, π-π-electron donor–acceptor 
interaction has great affinity for tetracycline and is the main adsorption 
force (Fig. 4e) [37]. 

The above mechanism studies show that PPy adsorbent has a good 
adsorption effect on substances containing benzene rings, heteroatoms 
and negative charges. However, functional group modification can alter 
the surface electrical properties of composite materials, thereby 
expanding the adsorption range of organic compounds, realizing the 
adsorption and removal of different charged organic pollutants. There
fore, PPy can be modified purposefully according to the molecular 

Fig. 3. Synthesis and modification strategy of PPy, (a) synthesis process and optical characteristics of PPy; (b) microstructure of various types of PPy [Reprinted with 
permission from Ref. [15–20]. Copyright, The Royal Society of Chemistry, American Chemical Society, and Elsevier]; (c) molecular structure modification strategy 
of PPy. 
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structure of pollutants. The adsorption conditions can be optimized ac
cording to the isoelectric point of PPy based composites, and the 
adsorption and desorption process of organic compounds can be regu
lated through changes in pH value and potential. 

Adsorption of inorganic ions: Inorganic ions mainly high valence 
oxyacid radicals (MnO4

- , Cr2O7
2-, ClO4

- , SO4
2-, NO3

–), halide ions, heavy 
metal ions, and radionuclide. All of them have significant negative im
pacts on the ecological environment and human health [30,39,40]. PPy- 
based adsorption materials mainly remove the above-mentioned pol
lutants through electrostatic action, but different treatment processes 
have been developed due to differences in the physical and chemical 
properties of the pollutants. 

Take Cr(VI) adsorption-reduction as an example. By report, the 
adsorption capacity was well-correlated with the pyrrolic nitrogen 
exposure concentration [41]. Coating PPy on nanomaterials can in
crease the number of exposed adsorption sites, achieving higher 
adsorption capacity than nanomaterial substrates and PPy monomers 
(Fig. 5a) [42]. In addition, the pH value will have an impact on the form 

of pollutants (Fig. 5b) and the adsorption force. When the pH value of 
the solution is less than the zero charge point on the adsorbent surface, 
the N atom is protonation, which can electrostatic adsorb high valence 
oxyacid radicals in water (Fig. 5c) [43]. Based on these, high valence 
oxyacid radicals in water are usually removed under acidic conditions 
(pH < 4).The removal mechanism of PPy on Cr(VI) is as follows (Fig. 5d) 
[44]:  

(1) Formation of protonated nitrogen and introduction of counter 
anions in PPy under acidic conditions  

(2) The counter anions are replaced by Cr(VI) anions via ion 
exchange;  

(3) On the electron rich PPy surface, Cr(VI) is reduced to Cr(III) 
through an amino reaction (from secondary amine to tertiary 
amine);  

(4) The desorption process of adsorbed Cr(III) under alkaline 
conditions. 

Fig. 4. (a) Modification of PPy material and its application range; (b) Adsorption effect and mechanism diagram of PPy matrix composites on different organic dyes 
[Reprinted with permission from Ref. [19]. Copyright 2022, American Chemical Society]; (c) Adjusting the adsorption and desorption process of PPy on organic 
matter through pH changes; (d) Adjusting the adsorption and desorption process of PPy on organic matter through potential changes; (e) Electrostatic potential 
diagram and electron charge density images for tetracycline adsorbed on PPY/CMC aerogels [Reprinted with permission from Ref. [37]. Copyright 2023, Elsevier]. 
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As a comparison, the adsorption performance of PPy based adsor
bents and other adsorbents for Cr (VI) is shown in Table 1. According to 
the adsorption kinetics and adsorption isotherm, Cr (VI) removal con
forms to the single-layer chemical adsorption model, and its adsorption 
process is determined by both surface adsorption and internal diffusion. 

F− has strong dissociation, and PPy alone has limited adsorption 
capacity for F− . By combining with metal matrix materials, good 
adsorption and removal effects can be achieved for F− [59]. For 
example, Chen et al. prepared PPy/TiO2 for adsorption and removal of 
F− , the adsorption was mainly carried out through electrostatic attrac
tion, and also involved ion exchange and chelation. Hydroxyl groups 
(ion exchange) and positively charged nitrogen atoms (electrostatic 

adsorption) played important roles in adsorption. The maximum 
adsorption capacity was 33.178 mg/g, which was 5 times that of pure 
PPy [60]. In addition, the removal of F− from water can be further 
enhanced by electro adsorption technology. Kang et al. prepared PPy 
films on graphite substrates by electrodeposition, and then electropho
retic deposition of metal organic skeleton Ce/Zn BDC-NH2 (CZBN) on 
the PPy films, the removal ratio of F− can reach 55.12 mg/g. Mechanism 
studies have shown that the metal organic skeleton was the main 
adsorbent in this process, and PPy mainly acted as a conductive inter
mediate layer [16]. 

Cl− generally exists in high salt wastewater and seawater, conven
tional adsorption techniques are not suitable for the removal of such a 

Fig. 5. (a) Changes in the adsorption ratio of Cr (VI) before and after PPy coating of nanomaterials; (b) Species distribution of Cr(VI) as a function of pH; (c) Zeta 
potentials of MoS2, PPy and PPy/MoS2 [Reprinted with permission from Ref. [42]. Copyright 2021, Elsevier]; (d) Adsorption-reduction process of Cr (VI) on PPy; (e) 
Schematic diagram of capacitive deionization; (f) Determination of adsorption capacity of PPy based materials [Reprinted with permission from Ref. [45]. Copyright 
2011, American Chemical Society]; (g) PPy adsorbs heavy metals (up), collaborative removal of heavy metals in water using PPy-chitosan composite material (down) 
[Reprinted with permission from Ref.[46]. Copyright 2015, Elsevier]. 

Table 1 
The adsorption performance of different adsorption materials for Cr (VI) in water.  

Material C0 (mg/L) T (K) pH qe (mg/g) Dynamic Isotherms Ref. 

CPM/PDA/PPy 100 298 2 262.33 pseudo-second-order Langmuir [47] 
PPy/MoS2PPy 120,150 298 2 257.73151.29 pseudo-second-order Langmuir [42] 
PPy nanotube 150 298 2 250.31 pseudo-second-order Langmuir [20] 
PPy/CB 100 298 3 211.10 pseudo-second-order Langmuir [41] 
PPy/Fe3O4 200 298 2 208.77 pseudo-second-order Langmuir [48] 
PPy/Fe3O4/rGO 250 303 3 226.8 pseudo-second-order Langmuir [49] 
PPy/calcium rectorite 100 298 1.5 100.91 pseudo-second-order Langmuir [50] 
PAN/PPy 200 298 2 61.8 pseudo-second-order Langmuir [51] 
Calcined PANI/LDOs 120 293 2 409.77 pseudo-second-order Langmuir [52] 
Iron-clay biochar 100 298 2 91.13 pseudo-second-order Langmuir [53] 
FeS/HTs 300 298 3 206.2 pseudo-second-order Langmuir [54] 
NH2-graphene sponge 165 298 1 166.46 pseudo-second-order Langmuir [55] 
Magnetic hydrogel beads 400 298 2 342.5 pseudo-second-order Langmuir [56] 
N,S-C/Fe3O4 100 303 5 134 pseudo-second-order Langmuir [57] 
MNC@PmPD 100 303 2 159.23 pseudo-second-order Langmuir [58] 

CPM: carbon protective mask; CB: carbon black; PDA: polydopamine; PANI: polyaniline; LDOs: Mg-Al layered double oxides; HTs: hydrotalcites; MNC: magnetic 
nanoporous carbon; PmPD: Poly(m-phenylenediamine). 
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large amount of Cl− . Based on efficient engineering applications, elec
trically driven Cl− adsorption (pseudocapacitive deionization) has 
attracted much attention, which is implemented by using PPy and its 
composite materials as anodes and metal compounds (such as MnO2, 
iron hexacyanoferrate, etc.) as cathodes [61,62]. Under the action of an 
external electric field, Na+ and Cl− tend towards the anode and cathode 
respectively, when the direction of the external electric field changes, 
Na+ and Cl− desorb from the electrode and enter the aqueous solution 
(Fig. 5e) [63]. Notably, the active area of the anode is not positively 
correlated with the amount of PPy coating and the specific surface area 
of the anode material, and attention should be paid to the microstructure 
design of the anode material [64,65]. Through the cyclic voltammetry 
curve, the adsorption capacity of the PPy based material can be intui
tively observed, which can predict the advantages and disadvantages of 
adsorbents (Fig. 5f) [45]. 

The main adsorption sites of heavy metal ions in PPy based adsor
bents are nitrogen atoms in the macromolecular chain, so the proton
ation process of PPy is not beneficial to the adsorption and removal of 
heavy metals. In order to achieve high removal of heavy metal ions, the 
optimal pH value of adsorption is theoretically higher than the iso
electric point of PPy based adsorption materials. Since the lone pair of 
electrons of pyrrolidine nitrogen participate in π - π conjugation, 
deprotonation PPy can effectively combine with metal ions to form 
metal complexes (Fig. 5g) [66,67]. In addition, PPy modified by func
tional groups or compounded with other electronegativity materials 
(chitosan, bentonite, etc.) can change the apparent electrical properties 
of coupling materials, so as to achieve the excellent adsorption and 

removal of heavy metals [46]. 
Radionuclides (Rn) can spontaneously emit radiation (α-ray, β-ray, 

etc.), is a kind of carcinogen. Electrochemically switched ion exchange 
technique, the reversible adsorption and desorption of the target ions 
can be controlled by changing the redox state of working electrode. In 
existing research, ReO4

- and I- were respectively used as substitutes for 
99TcO4

- and I131, and carbon materials were used as the substrate for 
electro oxidation deposition of PPy film. This system can control the 
uptake (positive potential) and release (negative potential) of electro
negativity radionuclides (Rn-) by adjusting the potential. The adsorption 
performance and electrochemical reaction of materials were judged by 
CV curve, and the adsorption occurrence and binding type were deter
mined by combining with XPS. The carbon electrode modified with PPy 
had good adsorption and desorption performance, recycling perfor
mance, and selectivity [68,69]. The action process is as follows: 

PPy+Rn− − e−

oxidation
PPy+@Rn −

+e−

reduction
PPy− + Rn−

Correspondingly, for positively charged Rn (Rn+), PPy modified 
electrode can achieve uptake at negative potential and release at posi
tive potential. As report, electrodeposition of PPy on the BC surface can 
effectively separate and purify U(VI) in radioactive wastewater by 
electroadsorption. The maximum adsorption amount of UO2

2+in the 
electrode with graded porous structure was 237.9 mg/g [70]. 

PPy+Rn+ +e−

reduction
PPy− @Rn+ − e−

oxidation
PPy+ +Rn+

3.1.2. Membrane technology 
Ultra/Nano-filtration membranes: Membrane fouling causes 

serious membrane flux attenuation and increased water treatment costs. 
How to reduce or avoid membrane fouling is directly related to the 
application prospects of membrane technology. Research has found that 
PPy undergoes reversible volume changes during the redox process due 
to ion doping and dedoping behavior. The unique properties of PPy 
provide the possibility of intelligent switching between microporous 
mode (filtration process) and macroporous mode (backwashing process) 
[71]. As shown in Table 2, after PPy modification of PVDF membrane, 
the pore size distribution, contact angle, and water flux of the membrane 
all changed. Especially in the oxidized state, PPy-DBS/PVDF had a 

Table 2 
Membrane parameters before and after PPy modified PVDF.  

Membrane 
type 

Pore size 
distribution 

Water 
pressure 

Water 
flux 
(L/m2/ 
h1) 

Contact 
angle 

Environment 

PVDF 72–101 nm 1 bar  203.08 79.61  
PPy-DBS/ 

PVDF 
70–88 nm 1 bar  170.43 25.28 oxidation  

158.02 standard  
134.16 reduction 

DBS: Dodecylbenzene sulfonate. 

Fig. 6. (a) SEM images of oxidized and reduced PPy-DBS/PVDF membranes, (b) schematic diagram of water permutation for PPy-DBS/PVDF membrane in the 
presence of applied voltages [Reprinted with permission from Ref.[71]. Copyright 2019, Wiley-VCH Verlag]; (c) PPy coupled nanofiltration membrane methods; (d) 
Advanced oxidation coupled membrane filtration technology. 
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greater water flux, indicating that the membrane pore size was larger in 
the oxidized state than that of the reduced state (Fig. 6a). Overall, the 
results proved that the pore size of the PPy-DBS membrane was 
dynamically regulated by the voltages, and combined with backwashing 
could effectively relieve membrane fouling (Fig. 6b). 

For nano-filtration membranes, three ways were used to introduce 
PPy into membranes: in-situ membrane construction, membrane filtra
tion, and in-situ oxidation coating (Fig. 6c). Thanks to the good material 
compatibility, adsorption ability and corrosion resistance of PPy, it can 
significantly improve the retention rate, water flux, and mechanical 
stability of the nano-filtration membrane [72,73]. Meanwhile, PPy was 
also often combined with carbon materials to improve nano-filtration 
membrane performances [13]. Moreover, the synergy of advanced 
oxidation process and membrane separation technology can effectively 
remove organics in wastewater and mitigate membrane fouling. Carbon 
materials are environmentally friendly materials that catalyze the gen
eration of active radicals. By organically combining PPy with carbon 
materials, an excellent electron transfer system can be constructed. Xu 
et al. constructed a CNT-PPy/PVDF membrane electroactive 

peroxydisulfate system, in which the filtration membrane had three 
major functions: mitigating membrane fouling, activated persulfate, and 
antioxidant, effectively improving the removal efficiency of organic 
pollutants in water (Fig. 6d) [74]. 

Cation exchange membranes: Cation exchange membranes are of 
great significance in strategic metal extraction and high salinity desali
nation treatment. The secondary amino groups and electronic properties 
of PPy molecules form the basis for their cation selection and rejection, 
therefore widely used in the research of cation exchange membranes. 
Researches have shown that material composition, molecular doping, 
and surface modification can all affect the selectivity, separation effi
ciency, and energy consumption of PPy based cation exchange mem
branes (Fig. 7). For example, PPy-CTS modified cation exchange 
membrane had a larger electroactive area and better electric conduc
tivity, resulting in a higher ion exchange capacity (1.04 mM/L) and a 
threefold increase in selectivity for monovalent ions (Na+vs Mg2+) 
compared to the original membrane [75]; PPy membrane doped with 
sodium dodecyl benzene sulfonate molecule showed K+ selectivity (K+/ 
Na+ separation factor is 2.10), and the energy consumption of 

Fig. 7. Cation exchange technology participated by PPy (left) and membrane material design concept (right) [Reprinted with permission from Ref.[75–77]. 
Copyright, Elsevier and American Chemical Society]. 

Fig. 8. (a) Selection and engineering design of water evaporator substrates [Reprinted with permission from Ref. [81,82]. Copyright 2020 and 2022, American 
Chemical Society]; (b) existing problems in photothermal water evaporation and solutions to some problems. 
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electrodialysis was 3.80 kWh/kg K, 37% lower than that of traditional 
electrodialysis [76]; Pang et al. modified PPy through hydrophobicity to 
increase the hydration energy of monovalent and divalent ions through 
the membrane. The Na+/Mg2+ permeation selectivity reached 21.93, 
and the Li/Mg permeation selectivity reached 1.71, which were 6.3 and 
1.6 times higher than commercial membranes, respectively [77]. 

In summary, smaller hydration ionic radius generally has lower hy
dration energy, resulting in stronger separation efficiency of monovalent 
cations; The more hydrophobic the membrane is, the higher the Gibbs 
hydration energy required for cations to pass through the membrane, 
especially for high valence cations. The above description forms the 
basis for the permeation selectivity of membranes towards cations, and 
the order of cation selectivity flux is: K+>Na+> Li+>Mg2+. To achieve 
higher separation efficiency of cations, it is necessary to design mem
brane materials with larger active area and lower diffusion resistance. 
How to balance ion selectivity and separation efficiency will be a long- 
term research topic in the future. 

3.1.3. Photothermal techniques 
Solar water evaporation technology organically unifies material 

science, structural engineering and fluid mechanics, and can effectively 
deal with high salt, heavy metal, acid, alkali, dye and other polluted 
water bodies [78]. Commonly used photothermal materials include 
metal nanoparticles, semiconductors, carbon materials, and polymers. 
Among them, PPy has a large conjugated structure, low thermal con
ductivity, and can well absorb solar radiation in both dry and wet 
conditions [79]. In addition, its good surface film-forming ability can 
easily achieve “blackening” of different structural substrates [80], 
making it a more ideal photothermal material compared to other ma
terials (Fig. 8a). 

Sewage purification: For high salt wastewater or refractory organic 
wastewater, solar water evaporation is an effective sewage purification 
technology. Thanks to research in structural engineering and fluid me
chanics, the water evaporation rate of photothermal evaporator con
structed by PPy is growing rapidly at present, and there has been a 
research report on the evaporation of 3.72 kg/m2/h1 [83]. Especially in 
the treatment of oily wastewater, surface modification of PPy coated 
films can obtain superhydrophilic photothermal surfaces and under
water superhydrophobic materials, effectively achieving anti oil fouling 
and continuous efficient water evaporation efficiency [84]. Neverthe
less, there are still some challenges in using photothermal technology to 
achieve sewage purification. For example, volatile organic compounds 
(VOCs) can be condensed and recycled along with water vapor, resulting 
in poor treatment efficiency for wastewater containing VOCs [85,86]. It 
has been reported that the reduced graphite oxide/polypyrrole mixed 
aerogel can be used for photocatalytic purification and water evapora
tion at the same time, but in the experimental design, water evaporation 
and photodegradation were carried out separately, and the timeliness 
problem in practical application was not paid attention to [87]. In 
addition, due to the decrease in saturated vapor pressure of water in the 
evaporator, water can be vaporized below 50 ℃ [88].Therefore, the 
presence of pathogenic microorganisms in condensed water also re
quires attention, but there have been no relevant reports so far (Fig. 8b). 

Seawater desalination: Seawater desalination is a promising tech
nology to solve water resource shortages. The average salinity of 
seawater is 3.5%, and because the saturated vapor of salt water is lower 
than that of pure water, the evaporation rate of saline water is slightly 
lower than that of pure water. In addition, with the continuous gener
ation of water vapor, salt precipitation is prone to occur on photo
thermal materials, thereby reducing the evaporation capacity of the 
evaporator. The current response measures include: 1) Constructing a 
dual scale capillary structure, where the salt generated by water evap
oration on the surface of the photothermal material dissolves with the 
water flow between the material pores, resulting in good salt rejection 
performance of the water evaporator (Fig. 8b) [82,89]; 2) Combining 
the siphon effect to enhance the flow of water in the evaporator, 

allowing the precipitated salt to dissolve again with the water flow [81]. 
Compared with metals, semiconductors, and carbon nanomaterials, 

the research of PPy as a photothermal material is relatively late, but it is 
highly favored due to its excellent light absorption ability and film 
forming properties. In Table 3, it can be seen that the introduction of PPy 
greatly enriches the design scheme of water evaporators and promotes 
the improvement of water evaporation rate, compared to other photo
thermal materials, the introduction of PPy has realized the possibility of 
multiple structural design of the water evaporator (corncob, sunflower 
plate, pennisetum, aerogel, hydrogel), and removed the obstacles to the 
improvement of water evaporation from the material structure level. 
Admittedly, PPy is the best choice for photothermal materials at present, 
and the limitations of photothermal technology have shifted from the 
selection of photothermal materials to the backwardness of engineering 
technology. How to achieve VOCs removal and sterilization in waste
water is a problem that needs to be considered at present. 

3.2. Oxidation and reduction technology 

3.2.1. Oxidation technology 
Photooxidation: Compared to UV photocatalysis, visible photo

catalysis has more practical application prospects. PPy can generate 
photogenerated electrons and holes in almost the entire visible light 
spectral range. Meanwhile, PPy has excellent electronic and photo
physical properties of inorganic semiconductors, as well as the advan
tages of easy molding and low cost of organic materials. Li et al. 
compared the photocatalytic performance of P25, g-C3N4, and PPy 
materials, and found that PPy exhibited excellent photocatalytic per
formance in the degradation of organic pollutants under full spectrum 
and visible light. The calculated band gap of PPy was 2.12 eV (excitation 
wavelength approximately 585 nm), indicating that the orbital electron 

Table 3 
Water evaporation efficiency of different photothermal materials and design 
characteristics of photothermal systems.  

Material Radiation 
intensity 

Evaporation 
rate 
kg/m2/h1 

Characteristic Ref. 

PPy + PVDF 1 sun 
irradiation  

1.30 classic design [18] 

PPy + flax 
fabric 

1 sun 
irradiation  

1.40 salt-rejection [89] 

Modified-PPy 
+ cotton 

1 sun 
irradiation  

1.54 anti-oil-fouling [84] 

Ag/PPy +
substrate 

1 sun 
irradiation  

1.55 antibacterial film [90] 

PPy + PVDF 
roll 

1 sun 
irradiation  

1.93 2D → 3D, salt- 
rejection 

[82] 

PPy-FexOy- 
CTS 
hydrogel 

1 sun 
irradiation  

1.93 Gel coating process [85] 

rGO/PPy 
aerogel 

1 sun 
irradiation  

2.08 photooxidative 
degradation 

[87] 

PPy + MXene 
+ sponge 

1 sun 
irradiation  

2.45 siphon and zigzag- 
shaped device 

[81] 

PPy + maize 
straw 

1 sun 
irradiation  

3.00 obtain raw material 
locally 

[91] 

PPy + PVA 
hydrogel 

1 sun 
irradiation  

3.20 3D Hydrogel [92] 

PPy + Setaria 
viridis Spike 

1 sun 
irradiation  

3.72 obtain raw material 
locally 

[83] 

MXene 1 sun 
irradiation  

≈1.00 suction filtration [93] 

Ag/diatomite 1 sun 
irradiation  

≈1.39 suction filtration [94] 

GO thin film 0.82 sun 
illumination  

2.00 dip-coated [95] 

rGO + PVA 
hydrogel 

1 sun 
irradiation  

2.50 mix [96] 

Craphene 
nanosheets 

1 sun 
irradiation  

2.67 3D printing 
technology 

[97]  
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transitions of PPy can be excited in visible light except for red and or
ange light. Mechanism research found that superoxide radicals played 
an important role in pollutant degradation (Fig. 9a). The study on the 
fatigue resistance found that PPy showed good structural stability dur
ing degrading organic pollutants by photooxidation (Fig. 9b), and the 
slight decrease in activity was attributed to material loss during repeated 
use. In addition, the results of instrument analysis showed that the FT- 
IR, SEM and XRD characteristics of the materials before and after the 
reaction were not significantly different [98]. 

Based on the excellent photosensitivity and stability of PPy, it is often 
used to composite with traditional semiconductor materials (carbon 
quantum dots [100], TiO2 [101], ZnO [102], MoSe2 [103], Ag3PO4 
[104] etc.) to enhance the photocatalytic degradation performance of 
pollutants. The introduction of PPy can improve the response to visible 
light, and act as an effective electron donor and a suitable hole medium, 
thus accelerating the separation of electron hole pairs and reducing the 
photo corrosion of catalysts (Fig. 9c). The heterogeneous structure has 
been widely used in the oxidation treatment of dye wastewater, phenol 
wastewater and oil wastewater [105,106]. 

Furthermore, Zhang et al. prepared PPy-Ag3PO4/BiPO4 TNT photo
electrodes and used them for the photoelectric degradation of PFOA 
(Fig. 9d) [99]. The experimental data showed that PFOA may be 
degraded by both hole oxidation and electron reduction, the removal 
ratio of 100 mg/L PFOA reached 92.5% and defluorination ratio was 
64.8% after 3.0 h under simulated sunlight and biased potential of 2.0 V 
(vs. Ag/AgCl). The presence of PPy can cause strong interactions be
tween Ag3PO4 and BiPO4, accelerate the separation of electron hole 
pairs, and inhibit the photo corrosion of Ag3PO4. The application of bias 
potential can enhance degradation performance through more effective 
electron transfer. In addition, due to the introduction of PPy, the reuse 
performance of composite materials had also been significantly 
enhanced(Fig. 9e) [99]. 

Electrooxidation: The potential of anodic oxidation to obtain PPy 
films is generally below 1.0 V. If PPy-based composite materials are 
directly used as anodes, it is prone to problems such as oxygen evolution 

side reactions and PPy membrane separation. Therefore, there are 
almost no reports of PPy being used as anodes to directly degrade pol
lutants in water. However, PPy can be used to modify the cathode to 
build an electric Fenton catalytic system. Zhang et al. prepared a novel 
3D anthraquinone/polypyrrole modified metal catalyst, and then it was 
used to catalyze the oxygen generated on anode into H2O2, which can 
generate a large number of superoxide free radicals with the participa
tion of Fe2+. Among them, PPy modified cathode promoted the pro
duction of H2O2 and accelerated the catalytic cycle of Fe2+/Fe3+, thus 
realizing the rapid degradation of organic matter in water. After 
repeated use for 10 times, the degradation rate of pollutants was still 
more than 90%, showing good reuse performance [107]. 

Chemical Oxidation: The N heteroatom in PPy can activate the inert 
carbon skeleton by increasing the charge density of adjacent carbon 
atoms, thus promoting the interaction between the catalyst and PS. Ait 
El Fakir et al. prepared PPy monomer and its hydrogel spheres to acti
vate PS to effectively degrade orange G. Experimental research found 
that although the hydrogel reduced the catalytic activity of PPy, its 
stability and repeatability were significantly improved, the active spe
cies were detected as SO4•

-, •OH and 1O2 [108]. 
Compared to metal based catalysts, PPy has poor catalytic oxidation 

activity. Currently, it is mainly combined with metal based catalysts to 
achieve synergistic interaction. Zhang et al. used PPy to encapsulate Pd/ 
Fe3O4 and degraded RhB through Fenton reaction, achieving good cat
alytic effect and catalyst recovery repeatability. Experiments confirmed 
that the thin PPy shell can effectively avoid the erosion of active com
ponents and will not weaken the catalytic activity [109]. Chen et al. 
studied the Fenton degradation of p-nitrophenol by rGO/PPy/nZVI. 
rGO/PPy stabilized nZVI by forming electron transfer complexes, 
accelerated the decomposition of H2O2 into free •OH, and promoted the 
redox cycle of Fe(III)/Fe(II) through the electron donating ability of 
rGO/PPy [110]. In addition, Ali et al. used PPy-zirconium selenoiodate 
cation exchange nanocomposites to immobilize ginger peroxidase and 
activate H2O2 through strong electrostatic interactions to degrade 
methyl violet 6B wastewater. The experimental results showed that PPy 

Fig. 9. (a) Light response intensity of PPy, g-C3N4, P25 [Reprinted with permission from Ref. [98]. Copyright 2021, Elsevier]; (b) Cycling experiments for the 
degradation of MO over PPy under full spectrum light [Reprinted with permission from Ref. [98]. Copyright 2021, Elsevier]; (c) Degradation mechanism of PPy 
coupled with other photocatalysts; (d) The photoelectrooxidation mechanism involved in PPy [Reprinted with permission from Ref. [99]. Copyright 2021, Elsevier]; 
(e) Cyclic performance for the photoelectric degradation of PFOA [Reprinted with permission from Ref [99]. Copyright 2022, Elsevier]. 
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assisted in enhancing the electron shuttle system of the enzyme, 
improving its activity and stability [111]. A brief summary of the above 
reports is shown in Fig. 10. 

3.2.2. Reduction technology 
Photoreduction: PPy is a p-type semiconductor with hole carriers, 

indicating that it is conducive to photocatalytic oxidation and not 
conducive to photocatalytic reduction. Therefore, there are few reports 
on the direct use of PPy for photoreduction systems. The preparation of 
heterogeneous photocatalysts by combining PPy with other photo
catalysts is a good solution to the above problems. Abinaya et al. pre
pared excellent visible light catalysts by binding PPy with Ag2MoO4, 
which can achieve the reduction of Cr (VI) in water in a short time (<10 
min) (Fig. 11a). Moreover, this system showed good repeatability 
(Fig. 11b)[112]. Cheng et al. constructed Fe3O4@SiO2@PPy (semi
conductor insulator semiconductor) heterostructure, unlike PPy alone, 
when Fe3O4, SiO2, and PPy were combined into a ternary hetero
structure, the photoelectric properties of PPy underwent a reverse 
change. The majority of charge carriers on the surface of PPy were 
converted into photoelectrons, and the SiO2 (insulator) layer (1–2 nm) 
can effectively prevent the recombination of photo generated hole 
electron pairs. At the same time, a few charge carriers were “pushed” in 
the opposite direction through the electrostatic field, further playing a 
dominant role in the photoreaction process (Fig. 11c-d). After 90 min of 
photoreaction, the removal rate of Cr (VI) reached 99.2% [113]. 

[Reprinted with permission from Ref. [112]. Copyright 2019, 
American Chemical Society]; (c) Mechanism diagram of Cr(VI) 

Fig. 10. Application of PPy on degradation of organic pollutants in water by 
chemical oxidation technology. 

Fig. 11. (a) Comparison chart for degradation efficiency by different catalysts; (b) Recycling efficiency of Ag2MoO4/PPy photocatalyst during Cr(VI) reduc
tion process. 
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reduction by Fe3O4@SiO2@PPy ternary heterostructures; (d) Photo
currents of PPy and Fe3O4@SiO2@PPy heterostructures without bias 
under model sunlight [Reprinted with permission from Ref. [113]. 
Copyright 2020, Elsevier]. 

Electroreduction: PPy can achieve Cr(VI) reduction through direct 
electron transfer. It should be noted that PPy as cathode will repel Cr(VI) 
due to the electronegativity of the electrode surface, which is not 
conducive to adsorption and reduction processes. In response to this 
issue, enhanced mass transfer operations have been carried out by 
constructing flow-through electrodes and particle electrodes, which can 
effectively enhance Cr(VI) reduction [114]. PPy can also serve as a 
mediator material to assist in the hydrogenation reduction of pollutants 
in water. Chen et al. used PPy/Ti as the cathode and Pd/Cu bimetallic 
catalyst to achieve selective reduction of NO3

– in water. Among them, the 
PPy/Ti cathode exhibited excellent hydrogen evolution ability and 
repelled the direct reduction of NO3

– to NH4
+ on the cathode. After 90 

min, the NO3
– removal rate reached 100%, and the N2 selectivity reached 

93%~95% [115]. 
Currently, the noble metal-PPy-foam nickel electrode has attracted 

much attention. As the conductive intermediate layer of the noble metal 
modified electrode, PPy can effectively reduce the amount of noble 
metal and contact resistance. Meanwhile, the participation of noble 
metals achieved efficient hydrogenation reduction using atomic 
hydrogen (H*) as the active species, which can achieve hydrogenation 
reduction of high valent oxygen radicals and reduction dehalogenation 
[116–118]. Furthermore, composite modifications can be carried out on 
noble metals and PPy, such as the electrode of Pd-Ni/PPy-rGO/Ni. 
Compared with a single PPy intermediate layer and Pd modified elec
trode, this modified electrode had lower impedance and higher hydro
genation performance [119]. Application strategy of PPy in 
electroreduction water treatment technology is shown in Fig. 12a. 

For the problem of PPy film shedding, foam Ni was used as electrode 
substrate, the research showed that PPy film materials with different 
morphology and load strength can be obtained by adjusting the elec
trodeposition parameters (Fig. 12b). Among them, potential, electrolyte 
and deposition time were the main influencing factors[116]. Wang et al. 
prepared Ru/PPy/foam Ni active cathode by adjusting deposition pa
rameters, and showed good reuse performance for PCP (pentachloro
phenol) (Fig. 12c) [118]. Unfortunately, the balance between PPy 
membrane microstructure and interfacial strength had received little 
attention. 

Catalytic hydrogenation: During the electro reduction process, 

PPy-based cathode will hinder the adsorption process of negatively 
charged pollutants, which is not conducive to their hydrogenation 
reduction. By directly loading the hydrogenation catalyst onto PPy or its 
composite materials and introducing an external reducing agent (H2), a 
good catalytic hydrogenation system can be constructed to achieve the 
coadsorption reduction process of pollutants [120]. To overcome the 
problem of catalyst recovery, PPy can be used to coat ferromagnetic 
materials to achieve catalyst magnetic recovery performance [121]. 

In addition, PPy can also be combined with Fe0 reduction technol
ogy. Lei et al. designed Pd/Fe@PPY catalysts, the introduction of PPy 
can avoid nZVI oxidation deactivation and agglomeration, while pro
moting electron transfer and pollutant adsorption processes. Compared 
with exposed Pd/Fe nanoparticles, Pd/Fe@PPY increased reactivity to 
4-CP by nearly 8-fold [122]. The application of PPy in catalytic hydro
genation systems is shown in Fig. 13. 

3.3. Antibacterial and disinfection technology 

Due to the strong electrostatic interaction between the positive 
charge on the PPy chain and the bacterial cell wall, the PPy coating 
material with polycationic skeleton can destroy the microbial cell 
membrane by stopping cellular respiration, and has good inhibitory 
effect on both gram-positive and gram-negative bacteria [123]. In 
addition, PPy can achieve enhanced antibacterial activity by combining 
with other types of antibacterial materials, such as metal based nano
materials, natural materials etc. [124,125]. Compared with conven
tional water disinfection methods such as chlorine disinfection, ozone 

Fig. 12. (a) Application strategy of PPy in electroreduction water treatment technology; (b) Morphology of PPy deposited on foam nickel electrode [Reprinted with 
permission from Ref. [116,117]. Copyright, Elsevier and American Chemical Society]; Electroreduction dechlorination efficiency of PCP with cycle number on the 
Ru/PPy/foam Ni and Ru/foam Ni electrode [Reprinted with permission from Ref. [118]. Copyright 2019, Elsevier]. 

Fig. 13. Catalytic hydrogenation technology and its mechanism involved 
by PPy. 
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disinfection, and ultraviolet disinfection, the use of PPy-based antibac
terial disinfection materials has the advantages of green, energy-saving, 
and no secondary pollution. 

Fernando A.G. da Silva Jr et al. studied the antibacterial performance 
of branched PPy, conventional PPy, highly soluble PPy, and PPy-Ag 
colloids against Escherichia coli, Staphylococcus aureus, and Klebsiella 
pneumoniae in terms of factors affecting the antibacterial performance of 
PPy based materials. The experimental data showed that different forms 
of PPy had different antibacterial abilities, and different strains had 
different response strengths to different PPy based antibacterial mate
rials. Based on this, it is proposed that the antibacterial behavior of PPy 
based materials depends on various structural parameters, such as sur
face area, aggregation level, and additives [126]. 

Based on the engineering application of PPy based antibacterial 
materials, some composite technologies for water pollution control have 
been developed. Sun et al. prepared PPy modified PVDF antibacterial 
films and developed membrane technologies for biological pollution 

resistance through synergistic electric repulsion [127]; Liao et al. 
incorporated PPy nanospheres into the polyamide layer to obtain a 
chlorine resistant antibacterial membrane, which simultaneously 
increased the membrane’s service life and water flux [128]; Xu et al. 
deposited Ag nanoparticles on PPy coated fabrics to obtain an antibac
terial photothermal film [90]. 

The electroporation disinfection and sterilization technology is a 
newly developed drinking water disinfection technology in recent years, 
which has the advantages of low energy consumption, good effect and 
no secondary pollution. Its most common method is to prepare nanowire 
modified electrodes, and use the space scale effect of nanowires to 
generate a strong electric field near the tip of nanowires to kill bacteria 
by electroporation under low external voltage. Pi et al. prepared PPy 
nanowires on three-dimensional graphite felt fibers through a flow- 
through reactor, and conducted disinfection experiments at a voltage 
of 1.0 V and a flow rate of 2000 L/m2/h (Fig. 14a). The disinfection 
device can remove more than 4-log Escherichia coli from tap water within 

Fig. 14. (a) SEM images of the PPyNWs on the carbon fiber (b) The durability performance and energy consumption of the FTM-40 EDD operated using E. coli- 
contaminated tap water at 1.0 V and 2000 L/m2/h. (c) Mechanism diagram of electroporation disinfection technology of PPy applied to cathode and anode 
[Reprinted with permission from Ref. [129]. Copyright 2021, Elsevier]. 
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7 days of operation, and the energy consumption was <20  mJ/L 
(Fig. 14b). It was found that in the process of cathode disinfection, the 
convective mass transfer in the porous PPyNWs cathode overcame the 
electric field repulsion between the negative charged Escherichia coli 
cells, promoted the cells to be exposed to the strong electric field near 
PPyNWs, and contributed to the inactivation of Escherichia coli. How
ever, due to the electric attraction between anode and negatively 
charged Escherichia coli cells, its electroporation inactivation of Escher
ichia coli was greater than that of cathode (Fig. 14c) [129]. 

3.4. Other applications 

Nitrided carbon materials have excellent physicochemical properties 
and are a promising environmental functional material. PPy is a good 
precursor for obtaining pyrrole nitrogen. 

Shi et al. prepared PPy nanotubes through template method, and 
then calcined them in N2 atmosphere at 900 ◦C to obtain nitrogen doped 
carbon nanotubes. It is found that carbonization increased the specific 
surface area of the nanotubes from 19.5 m2/g to 200.9 m2/g, and 
significantly enhanced their conductivity, wettability, and sodium ion 
absorption efficiency [130]. Wang et al. prepared a composite photo
catalyst (FeP/CoP-N-C) by calcining PPy. Characterization showed that 
the d-band center of FeP/CoP-N-C-700 with carbon/oxygen double de
fects was − 1.35 eV, which demonstrated excellent n-type conductivity 
and charge separation efficiency, enabling rapid photocatalytic degra
dation of levofloxacin [131]. Hu et al. used the carbonization product of 
PPy at 800 ◦C for the activation of PMS to degrade phenol in water. 
Experimental data showed that this catalyst can activate PMS through a 
none free radical pathway over a wide pH range (2–9) [132]. 

4. Thought and outlook 

PPy plays a crucial role in the field of water pollution control, owing 
to its comprehensive physicochemical properties, such as morphology 
plasticity, template encapsulation ability, ion exchange ability, light 
absorption ability, electron transport ability, antibacterial ability, 
among others. Based on existing research, the correlation between the 
application of PPy and its physicochemical properties is shown in 
Fig. 15. From the perspective of molecular structure, the secondary 
amine group and conjugation π bonds are the source of its widespread 
application. Moreover, specific PPy-based nanomaterials can be ob
tained through coupling, modification, and calcination methods, which 
is beneficial for expanding the application range of PPy and enhancing 
its related properties. However, there are several challenges that need to 

be addressed.  

(1) The molecular structure of PPy in oxidation state and reduction 
state is not yet clear. Based on the principle of oxida
tion–reduction reaction, the possible molecular structures of PPy 
in oxidation and reduction states are given in this work (Section 
3.1.1). However, in order to meet the future demand for more 
refined material development, it is necessary to conduct sufficient 
research on the molecular configurations and physicochemical 
properties of PPy in different chemical states.  

(2) Neglecting the impact of PPy polymerization degree on light 
absorption and electric conductivity, the issues of light absorp
tion and conductivity with different polymerization degrees, the 
existence of group effects, and the ability to finely regulate their 
polymerization degree are all worth studying and considering. 
This is of great significance for water pollution control technol
ogies involving photon and electron transfer.  

(3) For PPy based composite materials, excessive attention is paid to 
the coupling promotion effect, and there are few reports on the 
impact of PPy structure design and preparation parameters on 
combined material performance. Meanwhile, the research on 
highly ordered PPy nanomaterials is insufficient, which limits 
their potential for application in more fields. 

In addition, the application research field of PPy should be narrowed 
down to achieve key breakthroughs. The future research directions of 
PPy should focus on adsorption of negatively charged pollutants, 
membrane separation technology, photothermal technology, photooxi
dation technology, electroreduction technology, and antibacterial 
technology. In summary, the specific research work of PPy includes: 1) 
Comprehensively establish the relationship between preparation pa
rameters, structure, and physicochemical properties; 2) Prepare highly 
ordered PPy nanomaterials and study their application potential; 3) 
Develop more PPy grafting modification strategies to obtain more high- 
performance PPy based functional materials; 4) Actively explore the 
possibility of technology joint application and fully utilize the multi
functional advantages of PPy. 
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Fig. 15. The relationship between the physicochemical properties, design scheme, and application fields of PPy.  
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