
1. Introduction

The industrial development and the growth of Earth's

population lead to increasing fresh water consumption.

According to World Bank research, the world consumption

of fresh water tripled from 1950 to 2010 and, according to

forecasts, it will further grow by 40% during the subsequent

20 years (see https://obrazovaka.ru/geografiya/vodnye-

resursy-rossii.html). Meanwhile, the fresh water volume

accounts for only <3% of the volume of the Global

Ocean.1 Theoretically, fresh water is a renewable natural

resource; however, it is being gradually contaminated by

industrial and domestic sewage and this becomes unusable.

The modern treatment systems cannot cope with the grow-

ing amount of sewage. The problem is complicated by the

high diversity of contaminants, which include water-insolu-

ble particulate matter, stubborn water-soluble toxic organic

and inorganic wastes of modern industrial plants and

domestic and agricultural wastes, which are hazardous due

to the presence of pathogenic bacteria and viruses. A rele-

vant goal is to develop new sorbents for water treatment

that would possess not only increased performance, but also
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versatility for binding different types of stubborn soluble

contaminants.

The review is devoted to the representatives of poly-

conjugated polymers Ð polyaniline (PANI), polypyrrole

(PPy) and composite materials derived from these

polymers Ð as promising sorbents for purification of

drinking water. The interaction of PANI and PPy with the

most hazardous and stubborn contaminants of various

classes such as heavy metal ions, organic dyes and micro-

pathogens (bacteria and viruses) is considered. The versa-

tility of these polymers for drinking water treatment is

demonstrated. The mechanism of particle binding by poly-

mers is discussed and higher efficiency of adsorption of

contaminants by these materials compared with other

sorbent classes is shown. The possibility of regeneration

and multiple reuse of polymeric sorbents is proved.

The following abbreviations are used in the review:

CNTs Ð carbon nanotubes;

HA Ð haemagglutination,

MAC Ð maximum acceptable concentration of a con-

taminant in water according to WHO data;

MO Ð Methyl Orange;

PANI Ð polyaniline;

PPy Ð polypyrrole;

SEM Ð scanning electron microscopy;

TEM Ð transmission electron microscopy;

WHO Ð World Health Organization.

2. The most hazardous and stubborn water
contaminants

The current requirements of the World Health Organization

(WHO) to the purity of drinking water are very stringent.

Removal of particulate matter is not a challenging problem;

this is done using settling tanks, after which water is

pumped through porous rock and then filtered through

inert fine-porous materials. There are three main types of

contaminants generated by human activity that are most

difficult to remove from water. These stubborn and simul-

taneously the most hazardous types of contaminants are as

follows:

Ð heavy metal ions,

Ð toxic organic compounds,

Ð micropathogens (bacteria and viruses).

2.1. Heavy metal ions
Heavy metal ions such as mercury (Hg2+), chromium

(Cr6+), lead (Pb2+) and cadmium (Cd2+), which are

present in metal working, instrument and mechanical engi-

neering waste, are especially hazardous.2, 3 They all belong

to hazard category 1 (highly dangerous chemicals) and have

a cumulative effect, i.e., they are accumulated in the body.

While getting into the human tissues, the ions penetrate the

cells and bind to certain cellular components, which dis-

turbs functioning of nucleic acids, enzymes and proteins.4

For example, after being absorbed into blood, Cd2+

ions damage the central nervous system, cause degenerative

changes in the liver and kidneys, and suppress the enzyme

system activity. Chronic poisoning brings about anaemia

and bone degradation.5

Mercury has a toxic effect on the nervous, digestive and

immune systems and also on lungs, kidneys, skin and eyes.

It is especially threatening to the embryonic and early

children development. Water-soluble mercury species are

more hazardous than the vapour, since they are able to

interact more efficiently with elements of enzyme systems in

the body.

Water-soluble lead species disturb the metabolism.

Lead, which is mainly accumulated in bones, replaces

calcium and becomes a continuous source of poisoning.

The absorbed lead enters the bloodstream and is distrib-

uted in bone (up to 90%) and soft (liver, kidneys, brain)

tissues and also in hair, nails and teeth. Lead inhibits the

function of enzymes, causing mental deficiency and brain

diseases.6

Soluble compounds of hexavalent chromium are very

strong carcinogens among inorganic substances. Accord-

ing to the data of the International Agency for Research

on Cancer, chromium belongs to the group of compounds

that have an epidemiological carcinogenic effect; it easily

overcomes cell membrane channels and interacts with

DNA. Cleavage of DNA and formation of new cross-

links cause the risk of genotoxicity.7 Chromium poisoning

is manifested as allergic skin reactions, destruction of

nasal cartilages and oral cavity, inflammatory processes

in lungs, while the major consequences of poisoning are

cancer diseases.8

2.2. Toxic organic compounds
The major toxic organic compounds that contaminate

water are waste from chemical, textile and tanning indus-

tries and from the manufacture of pharmaceuticals and

dyes. The universally used synthetic dyes are most abun-

dant among these compounds. Currently, 10 000 sorts of

synthetic dyes are commercially available. Synthetic dyes

are used more and more often in all of the listed industrial

branches and also in the perfume industry and even in the

food industry. Synthetic dyes are characterized by higher

diversity of colours, higher stability and lower cost in

comparison with natural dyes. However, serious problems

are caused by the lack of biodegradation of many syn-

thetic dyes, which have a complex aromatic molecular

structure, and their accumulation in soil, plants and living

organisms.9, 10

Some of the dyes and/or their metabolites are toxic,

mutagenic and carcinogenic compounds.11 For example,

Malachite Green, which was widely used earlier for the

treatment of purulent and fungal diseases in humans, in the

textile and paint-and-varnish industries and for fish farm-

ing, is a mutagenic and carcinogenic agent. The accumu-

lated dye damages the internal organs of fish and mammals,

disrupts their development and can get into the human body

through the food chain.12

In some cases, intoxication is caused not by the proper

organic dye, but by toxic impurities or metabolites, result-

ing from dye degradation in the body. For example,

mercury salts used in the synthesis of anthraquinone are

partially retained in many anthraquinone dyes; for the same

reasons, some dyes may contain traces of arsenic. Toxic

carcinogenic metabolites may be formed from azo dyes;

metabolites of benzidine derivatives and benzidine homo-

logues (diaminobenzanilide, etc.) are especially hazard-

ous.10 Even completely non-toxic dyes may be detrimental

to the environment: having dissolved in a water area, they

reduce water permeability for sunlight; this accounts, for

example, for the decrease in the fish population and for

algae blooming.11 Due to the extensive use of synthetic dyes

and to the multitude of known problems brought about by

dyes getting into the environment, strict control is required

over the removal of these contaminants from waste water.
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2.3. Micropathogens
Micropathogens, that is, bacteria and viruses that are

spread by water, present a severe problem for human

health. The causative agents of viral diseases that were

detected in natural water areas, waste water and water

supply systems include various strains of influenza viruses

and enteroviruses.13 Influenza A strains can overcome

interspecies barriers, they can infect not only humans, but

also warm-blooded animals including pigs, horses, ferrets,

birds, etc. This results in mixing of the viral genetic material

giving new strains more hazardous to humans.14 New

strains are transferred from one continent to another by

migrating swimming birds and cause epidemics and pan-

demics.15 In the 20th century, there were three influenza

pandemics associated with extremely high morbidity and

mortality and severe social and economic consequences: in

1918 ± 1919, 20 to 50 million of people died due of influenza

A/H1N1 (Spanish flu); the A/H2N2 (Asian flu) pandemics

in 1957 ± 1958 killed 70 thousand people in the USA alone;

and in 1968 ± 1969, influenza A/H3N2 (Hong Kong flu)

caused 34 thousand lethal outcomes there.16 The scientists

noted that the circulating A/H5N1 strains, which caused

avian flu pandemics in 2004, have not yet adapted to be

transmitted from human to human. However, if this takes

place, a pandemic will be quite probable and the conse-

quences are difficult to predict.

Enteroviruses include poliomyelitis and Coxsackie

viruses, which retain the viability in small water areas or

wet soil for long periods of time and are transmitted to

humans through water. Enteroviruses are often isolated

from sewage water and are detected in tap water. The

infection enters the human body through the mucous

membrane of the digestive tract and damages the gastro-

intestinal tract, lungs and brain. Enteroviruses can cause

complications such as meningitis, encephalitis, pulmonary

edema and paralysis, which may be fatal in severe cases.

Water is the most favourable habitat for the bacteria.

Most of bacteria are harmless for humans; however, about

250 species are pathogenic.17 Bacteria cause dreadful infec-

tious diseases such as cholera, syphilis, anthrax, leprosy and

bubonic plague, which threatened the mankind in the

Middle Ages. Now the most abundant pathogens are

gram-positive bacteria such as Staphylococcus aureus and

enterococcus, while among gram-negative bacteria, Escher-

ichia, Klebsiella, Salmonella and other enterobacteria are

most abundant. The water route for transmission of the

infection is especially typical of these enteric bacteria, since

they are concentrated in water areas that are contaminated

by domestic wastes.18

3. Methods for the removal of hazardous types
of contaminants from water

The above types of contaminants cannot be removed by

using settling tanks or filters, because they are dissolved

and/or finely dispersed in water.19, 20 Heavy metals exist in

water as ions several AngstroÈ m in size, organic molecules

have a size of the order of nanometres, while the size of

micropathogens ranges from 50 nm to tens of micrometres.

Filters with 1 mm pore size, which can keep only the largest

bacteria, would develop too high resistance to water flow

and would have a very low productivity. Certainly, com-

plete purification of water can be attained by distillation or

reverse osmosis, but these methods are very expensive

(energy demanding) and have low productivity. Further-

more, in this case, all useful mineral salts are also removed

and artificial mineralization of water is required.

The only economically feasible method for the removal

of the listed types of contaminants is to use sorbents that

actively trap these impurities.3, 21 Apart from the efficient

uptake of contaminants, the key requirements to the sorb-

ents include high stability, lack of solubility and lack of

toxicity, moderate cost and the possibility for regeneration

for reuse and disposal. The sorbents currently used for this

purpose include zeolites, clays (montmorillonite), sand

(silicon oxide), synthetic polymers, biosorbents based on

plant products (wood, rice hulls, cotton, etc.) and carbon

materials (activated carbons) and so on.22 ± 28

In terms of the cumulative efficiency of removal of all

three types of contaminants, activated carbons hold the first

place.29 However, their key function is to remove organic

and biological contaminants. Carbons have a highly porous

structure, which traps the contaminants due to the cage

effect, i.e., a bacterium (or a large organic molecule) is

retained in exceptionally small carbon pores, comparable in

size with the size of retained objects. Nevertheless, a carbon

cage can be considered to be open, because the entrapped

species can be washed out. Heavy metal ions pass most

easily through carbon sorbents, since there are no suffi-

ciently small pores corresponding to the size of ions.

Heavy metal ions are better absorbed by inorganic

sorbents and polymers with specific ion exchange groups.

Only a combination of carbons with materials possessing

specific adsorption Ð zeolites or ion exchange resins Ð

enables the removal of some heavy metal ions from water.

These sorbents contain polar and/or so-called chelating

groups, which specifically bind to a particular ion via

chemical (e.g., ionic) interaction. The carbon materials

themselves are inert and do not provide for a specific

interaction with an impurity. For example, cartridges

packed with a carbon sorbent and an ion exchange resin

serve for the removal of iron and lead ions from water.

However, other hazardous and widely encountered types of

contaminants such as mercury, chromium and cadmium

ions pass through these sorbent without any hindrance (see

https://www.aquaphor.ru/aqualen). Another type of car-

tridges packed with a carbon sorbent in combination with

an ion exchange resin containing silver ions was proposed

for eliminating the bacterial contamination of water (see

https://blog.aquaphor.ru/serebro-v-filtrah-dlya-vody).

However, silver itself is a heavy metal, and increased

concentration of silver ions in water is unhealthy for living

organisms. Furthermore, silver and ion exchange resins are

expensive, which markedly increases the cost of sorbents.

4. Polyaniline and polypyrrole

This necessitates the use of new types of sorbents with

enhanced performance and versatility, i.e., sorbents that

would ensure the removal of all three types of contami-

nants. This condition is fulfilled for polyaniline and poly-

pyrrole, representatives of a new class of polymers with a

polyconjugated structure. These polymers are called smart

materials;30 they possess semiconducting properties, such as

electronic and ionic conductivity and redox behaviour, and

intensely absorb electromagnetic radiation.31 The properties

of polymers reversibly change under the action of electrical

potential, on contact with oxidants or reductants, acids or

bases, etc. These polymers are already commonly used in a

number of fields such as power engineering, electronics and
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medicine and for the manufacture of protective and con-

ductive coatings.32 ± 37

However, recent studies demonstrated that PANI and

PPy can be used as sorbents, in particular, for water treat-

ment, because they possess pronounced ion exchange and

sorption properties and react with various types of organic

and inorganic compounds.38 ± 40 Apart from the excellent

adsorption ability, PANI and PPy meet all the necessary

requirements for sorbents meant for water treatment: they

are highly stable, virtually insoluble in any solvent and do

not degrade in aqueous media either under ambient con-

ditions or at elevated temperatures, i.e., they do not them-

selves act as a source of water pollution.40 The polymers are

non-toxic and, moreover, biocompatible (they are used in

medical design both in vivo and in vitro).41 ± 44 Polyaniline

(structure 1) and polypyrrole (structure 2) { can be obtained

as highly porous permeable nanostructures with a high

specific surface area; they are hydrophilic and readily

wetted by water, which improves the sorbent perform-

ance.45 For industrial manufacture, the prime cost of

polymers should not be high. The sorption properties of

PANI and PPy towards the three above-listed types of

contaminants are considered below.

4.1. Causes behind the high adsorption activity of polyaniline
and polypyrrole
High adsorption capacity of the title polymers is caused not

only by the large specific surface area, porosity (cage effect)

and hydrophilicity (good wettability) of materials based on

them, but also by the possibility of specific chemical

interactions with the three types of contaminants.

The PANI and PPy polymer chains contain nitrogen

atoms, which are highly potent in binding both organic and

inorganic compounds. Nitrogen atoms provide for various

types of interaction: ionic, acid7base and donor7acceptor

interactions; the proximate positions of nitrogen-containing

groups imply the possibility of chelation in which a con-

taminant molecule (or metal ion) interacts simultaneously

with several nitrogen-containing groups.40, 45 The nitrogen

atoms incorporated into the polymer can undergo reversible

oxidation or reduction in the potential range from 70.2 to

+1.0 V (against the hydrogen scale).45 The structural for-

mula of PANI can be conventionally represented as a

combination of two types of structures: oxidized monomer

units with the content y and reduced units with the con-

tent x (structure 3); in reality, the oxidized and reduced

units are uniformly distributed along the polymer chain.

In the equilibrium state, the contents of the oxidized and

reduced forms of nitrogen are approximately equal: y= x.

However, under the action of oxidants or reductants, this

equilibrium reversibly shifts, i.e., one of the forms predom-

inates. Polyaniline and polypyrrole can undergo redox

reactions with many organic compounds (hydrazine, formic

acid, formaldehyde and so on).46 The polymers reduce

noble metal ions (silver, gold, platinum, palladium, etc.) to

the metallic state, while ions of more active metals are

reduced to lower oxidation states.47, 48 Thus, PANI and

PPy can also react with contaminants as redox agents.

4.2. Interaction with heavy metal ions
As an example, consider the chain of reactions that take

place between PANI and hexavalent chromium compounds

dissolved in water; chromium(VI) has a very high toxicity

and mutagenicity, caused primarily by its high oxidative

capacity (Scheme 1).49

Hexavalent chromium exists in water as HCrOÿ4 or

Cr2O
2ÿ
7 anions. Initially, chromium anions electrostatically

interact with positively charged nitrogen groups located

along the PANI chain. The reaction is accompanied by ion

exchange: the HCrOÿ4 anion displaces the A7 anion, which

counterbalanced the positive charge of PANI. Apparently,

capture of the anion and establishment of the ion exchange

equilibrium are faster in electrically conductive polymers

than in typical ion exchange systems owing to high mobility
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of a positive charge along the chain. The ion exchange

interaction in PANI and PPy is supported by high ionic

conductivity of the polymers. In this case, not only the

HCrOÿ4 ion does diffuse towards the positive charge, but the

positive charge can migrate towards the anion at a much

higher rate.50, 51 Then the contact between the hexavalent

chromium and the polymer results in chromium reduction

to the trivalent state (Cr6+?Cr3+). Chromium(III) is much

less toxic than chromium(VI) and exists as a cation.52

Binding of the Cr3+ cationic species is performed by

reduced and uncharged amino groups of PANI. The Cr3+

cation binds to the lone pair of the amino group nitrogen;

this donor ± acceptor binding to the sorbent results in Cr3+

removal from the aqueous medium.

The interaction with the nitrogen lone pair also

accounts for binding of cationic species of other heavy

metals (Hg2+, Cd2+, Pb2+, Ni2+, etc.) by electrically

conductive polymers.53, 54 Spectral studies reveal the inter-

action between positively charged metal cations and poly-

mer amino groups.51, 55 The capacity of polymeric sorb-

ents increases with increasing content of the reduced

monomer units (x> y). Below we will show that heavy

metal cations are adsorbed most efficiently by composite

adsorbents in which the second component induces reduc-

tion of the polymer (at least, to a low extent). This effect is

caused by the contact of PANI and PPy with metal oxides

(Fe2O3, Al2O3).

The redox transitions for PANI and PPy are reversible;

the polymer returns to the thermodynamically stable

equilibrium state in which x= y. It was shown that the

reduced form is regenerated via the reaction with air

oxygen.56 When the over-oxidation is significant, for

example, upon the reaction with Cr6+ cations in a high

concentration, regeneration takes place via minor irrever-

sible changes Ð intermolecular cross-links the formation

of which has little effect on the sorption properties of the

polymer.57 Thus, by being involved in redox reactions

with the contaminant, the polymer can be self-regenerated

over a relatively short period of time (minutes).49 It

repeatedly returns to the most active and functional

equilibrium form with an average oxidation state and is

ready for new interactions.

4.3. Binding of toxic organic compounds
The toxic organic compounds that pollute water usually

contain acid ± base groups, which facilitate their water

solubility. Owing to the presence of nitrogen-containing

moieties, PANI and PPy are bases and can participate in

the acid7base interactions with organic compounds. The

acid7base properties of the polymers differ, depending on

the oxidation state. In the case of PANI, these properties

vary over an especially wide range.58 In the equilibrium

form (average oxidation state), PANI has the acid7base

equilibrium constant pK 3 ± 4 (medium-strength base),

whereas in the reduced form and in the highest oxidation

state, the polymer has pK<1, which corresponds to a weak

base.59

One more widely encountered type of interaction

between organic compounds is hydrogen bonding. The

energy of hydrogen bonds amounts to a few tens of kilo-

calories per mole, which is several times lower than the

energy of conventional chemical bonds, but markedly

higher than the energy of van der Waals contacts. Under

the action of thermal motion, hydrogen bonds are easily

cleaved and reversibly formed again. Apparently, these

bonds are among the driving forces that provide for self-

healing and coalescence processes in living and non-living

nature.60 Studies showed that PANI and PPy are pierced by

a network of hydrogen bonds.61, 62 On contact with a water-

soluble organic molecule, the hydrogen bonds occurring in

the polymer are replaced by intermolecular (inter-entity)

hydrogen bonds, thus providing linking of the entities.

Hydrogen bonds are formed between the amino groups of

PANI or PPy and the oxygen, sulfur and nitrogen hetero-

atoms, which are present most often in organic contami-

nants.

Apart from the listed types of interaction, PANI and

PPy can specifically interact with aromatic molecules

formed by p-electrons. The vast majority of synthetic dyes

and some antibiotics and other drugs that may get into

water during their production and application are aromatic.

The PANI and PPy polymer chains are extended conjugated

chains. This is a huge reservoir of p-electrons and a potent

source of p ± p-electron interactions with aromatic organic

compounds.63 According to rough calculations, the energy

of p ± p-interactions is not lower than the energy of hydro-

gen bonds, and they should be necessarily considered

among the interactions with organic and biological contam-

inants.64, 65 The possible types of interaction between

Methyl Orange (MO) dye and PPy, including the ionic

interaction between the dye sulfo groups and PPy imino

groups, hydrogen bonding between the polymer amino

groups and the azo structure of the dye and p ± p-electron
contacts between the polymer and the dye, are depicted in

Scheme 2.63

4.4. Interaction with biological objects
The interaction of electrically conductive polymers with

biological materials is extensively studied, because PANI

and PPy are biocompatible and start to be used in medicine

for the hyperthermia treatment of malignant neoplasms, for

targeted drug delivery, as subcutaneously implanted bio-

electrodes and sensors,66 and in the cell engineering as

electrically conductive supports for the growth of living

tissues Ð epidermal, bone, nervous and cardiac muscle

tissues. Numerous studies confirmed the lack of toxicity

and the biocompatibility of PANI and PPy.42, 43, 67, 68

It was found that, unlike the one-stage adsorption of

simple organic molecules by polyaniline and polypyrrole,

adsorption of DNA by these polymers occurs in two

stages.69 Presumably, in the first stage, negatively charged

DNA approaches the positively charged polymer because of

long-range electrostatic forces, and then DNA is adsorbed

on the surface of a polymer particle. This is accompanied by

ion exchange: some of the anions that counterbalance the

positive charge are displaced by DNA from the polymer
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surface and migrate to the solution. The higher the polymer

positive charge, the stronger the DNA adsorption. This

process has a low activation energy; however, the type of the

displaced anion is very significant. In the second stage of

binding to the polymer, the DNA double strand undergoes

conformational changes. This is a result of spatial adjust-

ment of DNA to the polymer particle and formation of

common hydrogen bonds and specific hydrophobic and

p ± p-electron interactions. The presence of a network of

7NH_ S7 and 7NH_O7 hydrogen bonds between

the polymer and DNA was confirmed experimentally.

These forces are considered to be crucial for binding and,

furthermore, for activation and deactivation of biological

objects.70, 71

Thus, the results of numerous studies of polyconjugated

polymers attest to the presence of chemisorption and to the

possibility of adsorption via various types of chemical inter-

actions: ion exchange, redox, donor7acceptor, acid7base

and p ± p-electron interactions and hydrogen bonding. There-

fore, PANI and PPy can serve as, first, efficient and, second,

versatile sorbents for water treatment, as they are able to bind

large amounts of various types of contaminants.

5. Supramolecular structure and surface properties
of electrically conductive polymers

Polyaniline and polypyrrole are finely dispersed black pow-

ders, usually consisting of spherical nanoparticles several tens

of nanometres in size. These particles are aggregated to an, at

least, two-level hierarchical structure.72 The initial nano-

spheres are strongly bound into quasi-spherical particles

(granules) 200 ± 300 nm in diameter, which represent the first

aggregation level (Fig. 1). The granules are, in turn, aggre-

gated due to weak physical contacts into micrometre-scale

particles, which correspond to the second level of aggregation.

This is the granular structure of the polymer.

Second-level aggregates are permeable for contaminants,

whereas granules are permeable only for ions and are virtually

impermeable for large organic molecules and, the more so, for

micropathogens. The smaller the granules, the greater the

effective surface area of the powders and, hence, the higher

their performance. The specific surface area of the granular

PANI and PPy powders, determined by the Brunauer ±Em-

mett ± Teller method, is 10 ± 30 m2 g71 (Ref. 73).

For increasing the specific surface area and the perme-

ability, nanostructured PANI and PPy are fabricated.74, 75

Most often, they form one-dimensional fibres or nanotubes

(Fig. 2 a), but two-dimensional graphene-like structures are

also present (Fig. 2 b).75 The specific surface area of these

materials is of the order of several hundreds of square

metres per gram, which is much greater than that for

zeolites or ion exchange resins and is comparable with the

specific surface area of activated carbon.76

Unlike hydrophobic carbon materials, polymeric sorb-

ents are hydrophilic and are readily wetted by aqueous

media. The contact angles of carbon materials are >908,
whereas the contact angles of polymers doped with inor-

ganic acids are <308 and, in some cases, it even tends to

zero (in order to eliminate the capillary effect, the contact

angle is measured for polymers compacted at high pres-

sure).77 This means that in the case of a polymer, the

polluted water penetrates into markedly smaller pores and

the true effective surface area of PANI and PPy may be

higher than that for carbon materials.78

One more way for increasing the specific surface area of

PANI and PPy is to immobilize the polymer as a submicro-

metre- or a nanoscale-thick layer on a support. The possible

supports include finely dispersed inorganic materials (SiO2 ,

MnO2 , Fe3O4), carbon allotropes, synthetic polymers and

natural materials as powders, films, sponges, cloths (see

Fig. 2 c,d ).79 ± 82 When immobilized on a non-loose material

(cloth, sponge), the sorbent is converted to a filtration

membrane and is more convenient for handling than a

powder. The immobilization of PANI and PPy on active

materials possessing semiconductor and redox properties

(e.g., Fe3O4) can change the polymer oxidation state and

adsorption capacity towards particular type of contami-

nants. For example, contact with the oxides of active metals

(aluminium, zinc, iron) results in partial reduction of the

polymer, i.e., the content of amino groups increases and the

efficiency of binding of positively charged contaminants

such as Hg2+, Pb2+ and Cd2+ is enhanced.49, 52

Methods for PANI and PPy immobilization differ from

the traditional methods for polymer processing and mould-

ing, because conductive polymers are unprocessable materi-

als: they do not dissolve or melt.83 The polymers are

deposited on a support using preliminarily prepared dis-

persions containing submicrometre- and nanometre-scale

polymer particles stabilized by special additives and dis-

persed in a particular solvent.84 However, most often,

in situ polymerization is used, that is, the polymer is

synthesized in the presence of a support in the reaction

medium. It is important to select the conditions of synthesis

under which the polymer chains grow heterogeneously on

the support surface.85 In this case, a polymer layer covers

the support and the adhesion to the support is usually high.

Figure 3 presents the SEM images of various materials

before and after they are coated by polyconjugated poly-

mers by means of in situ polymerization.

200 nm

b

c

a

500 nm

100 mm

Figure 1. Granular structure typical of PANI and PPy (unpub-
lished results of the authors). Scanning electron microscopy (SEM)
images of PANI and PPy (a, c), transmission electron microscopy
(TEM) image of PANI (b).
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6. Efficiency of adsorption of various types of water
contaminants by polyconjugated polymers and
polymer-based composites

This Section gives particular data on the adsorption

capacity { of PANI and PPy towards each of the three

types of contaminants and on the efficiency of water

purification. The results are presented in comparison with

characteristics of other types of sorbents that are tradition-

ally used for this purpose.

6.1. Adsorption of heavy metal ions
Due to the high risk of environmental pollution by heavy

metal ions, the greatest number of publications are devoted

to the removal of exactly this type of contaminants. Data on

the adsorption of chromium ions by electrically conductive

polymers are presented in reviews;49, 52 the adsorption of

mercury, lead and cadmium was addressed in several

studies.89 ± 91

The results of studying the sorption properties of vari-

ous types of sorbents, including PANI and PPy, for the

removal of heavy metal ions from water are given in

Table 1.92 ± 134 This is only a small part of data available

from the literature. It is noteworthy that the given values of

adsorption capacity cannot be directly compared, since the

authors used different initial concentrations of heavy metal

ions and different amounts of sorbents, which influenced

the results. The conditions in which sorption was con-

ducted, such as temperature, acidity of the medium, contact

time between the sorbent and the contaminant, etc., were

also different. Finally, the sorbents and their manufacture

and processing methods were different. Indeed, granular

PANI can be prepared in different ways and can have

different sizes of granules. For this reason, one cannot

expect that the adsorption capacity values for similar

sorbents would coincide.3 Nevertheless, analysis of the

results presented in Table 1 reveals the following general

trends:

Ð natural organic sorbents (cellulose derivatives)

weakly bind heavy metal ions, but the dsorption capacity

somewhat increases after sorbent carbonization, i.e., con-

version to carbon;

Ð inorganic sorbents (zeolites, silicates) adsorb heavy

metal ions, on average, an order of magnitude more

efficiently than natural organic sorbents;

Ð the adsorption capacity values of PANI and PPy are

higher than those of traditionally used natural organic and

inorganic sorbents; the capacity increases on going from

polymers with close packing of particles (granules) to nano-

structured materials and composites, in which a thin poly-

mer layer is deposited on a finely dispersed or porous

material.

a b c d

1 mm1 mm10 mm1 mm

Figure 2. SEM images of PANI and PPy particles. PPy nanotubes (a ); PANI particles with a flat two-dimensional structure (unpublished
results of the authors) (b); Ref. 79 (c) and Ref. 80 (d ) are hierarchical PANI nanostructures with a large specific surface area.

a b c d

10 mm 10 mm 10 mm10 mm

e

50 mm

f

10 mm

g

10 mm

Figure 3. SEM images of composite materials based on polyconjugated polymers obtained by in situ polymerization. Graphite particles
before (a) and after (b) PANI modification of the surface;86 uncoated (c) and PPy-coated (d ) wood fibres;87 manganese zinc ferrite particles
at different magnifications (e, f ) and after coating by PANI (g).88

{The amount of contaminants in milligrams removed by 1 gram of the

sorbent (mg g71).
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The effect of adsorption conditions on the efficiency of

water purification by conjugated polymers has been studied.

The adsorption capacity is considerably affected by pH of

the aqueous medium. This is primarily due to the pH-active

nature of the polymeric sorbents. The Cr6+ ions are

removed more intensely in acidified solutions with

pH 1 ± 3, since the redox activity of polymers is maximized

under these conditions, which facilitates the reduction of

Cr6+ to Cr3+. Meanwhile, cationic species of heavy metals,

including Cr3+ cations, are adsorbed more easily by poly-

conjugated polymers in neutral media, because adsorption

involves uncharged amino groups.54, 55, 135

Data on the microextraction of various metal cations by

the PPy/CNT sorbent as a function of pH of the aqueous

medium are presented in Fig. 4.136 It can be seen that for

most metals, the optimal adsorption conditions are neutral

media with pH 6 ± 8, which is important for purification of

tap water.

The influence of other parameters on sorption is less

pronounced.3 Sorption characteristics virtually do not

depend on temperature. As the contaminant concentration

increases, the rate of adsorption and the contaminant

Table 1. Adsorption capacities of various sorbents towards heavy
metal ions and degrees of water purification by these sorbents.

Sorbent Capacity Degree of Ref.
/mg g71 water puri-

fication (%)

Cr6+ ions, MAC=0.005 mgL71

Sorbents based on PANI

PANI (granules) 98 ± 180 >90 92 ± 94

PANI (nanotubes) 248 ± 263 97 ± 100 92, 95

PANI/montmorillonite 308 7 96

PANI/silica gel 193 7 97

PANI/magnetite 200 90 98

PANI/graphene 1149 >90 99

Sorbents based on PPy

PPy/magnetite 170 ± 240 7 100, 101

PPy/PANI 227 99.8 102

PPy/Co3O4 70 7 111

Other sorbents

Halloysite 63 7 103

nanotubes (AlSiOn)

Activated carbon 4.26 7 104

CNT 9.0 7 105

Cellulose 65 7 106, 107

Chitosan 9.42 70 108, 109

Starch 12 7 110

Cd2+ ions, MAC=0.003 mgL71

Sorbents based on PANI

PANI (granules) 130 7 54

PANI/cellulose 138 89.6 54, 112

PANI/wood 430 7 113

PANI/magnetite 500 99 114

PANI/manganese oxide 480 89 115

Sorbents based on PPy

PPy (granules) 50 ± 180 85 ± 90 55, 116

PPy/CNT 390 7 117

PPy/silica gel 120 7 118

Other sorbents

Silica gel 18.25 7 119

Walnut sawdust 4.39 7 120

Wood sawdust 5.4 7 113

Chitosan 80 7 121

Cellulose 200 7 107

Hg 2+ ions, MAC=0.001 mgL71

Sorbents based on PANI

PANI (granules) 103 92.7 122

PANI (nanotubes) 335 ± 206 100 122, 123

PANI /manganese oxide 437 96 115

PANI/sulfonic acid 497 98.8 124

PANI/silica gel 843 100 125

PANI/graphene 81 7 126

PANI/graphene 515 ± 1000 94 127

Sorbents based on PPy

PPy/polyurethane 200 7 122

PPy/zeolite 157 7 128

PPy/silica gel 680 7 129

Table 1 (continued).

Sorbent Capacity Degree of Ref.
/mg g71 water puri-

fication (%)

Pb2+ ions, MAC=0.01 mgL71

Sorbents based on PANI

PANI (granules) 130 7 54

PANI/ alginate 251 90 130

PANI/cellulose 217 7 54

PANI/graphene 1400 7 131

Sorbents based on PPy

PPy (granules) 64 93 55

PPy/CNT 408 7 132

Other sorbents

Halloysite 84 7 133

nanotubes (AlSiOn)

Silica gel 50 7 134

Walnut sawdust 6.54 7 120

Note. The following designations are used: MAC is the maximum

concentration level, CNTs are carbon nanotubes.
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Figure 4. Efficiency of adsorption of various metal ions from an
aqueous medium by the PPy/CNT sorbent as a function of pH.136
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uptake increase until the adsorption capacity limit for the

sorbent is reached. This is shown in Fig. 5 in relation to

adsorption of Cd2+ ion by the PANI/wood sawdust com-

posite. After the adsorption capacity limit is reached, i.e.,

the sorbent is saturated by the contaminant, the efficiency

of water purification decreases.53

An important characteristic is the necessary contact time

of the sorbent with the polluted medium. Many authors

point out an increased rate of adsorption of contaminants

on PANI and PPy in comparison with conventional sorb-

ents.113 The sorption equilibrium for polymeric sorbents is

established within several tens of minutes or a few hours,

whereas for zeolites and carbon sorbents, this time can

reach tends of hours.137, 138 An important factor for fast

establishment of sorption equilibrium is the accessibility of

the sorbent surface. The transport of molecules and par-

ticles in extended narrow pores substantially retards this

process. Large specific surface area with shallow accessible

pores, readily wetted by water, is required for the sorbent.

As a rule, in the case of PANI and PPy composites in which

a polymer nanolayer is immobilized on the surface of a

highly porous material, the rate of equilibration is higher

than that for granular PANI and PPy.54 For example,

PANI deposition on conventional sorbents used for water

treatment, such as cellulose derivatives (ethylcellulose) and

carbon fibres, leads to a considerable increase in the

efficiency of adsorption of hexavalent chromium and to

increasing rate of adsorption (Fig. 6). When a relatively

small amount (10 mass%± 20 mass%) of PANI is intro-

duced into a conventional sorbent, the efficiency of Cr6+

removal doubles and the rate of adsorption increases by a

large factor.

The thermodynamic parameters of adsorption of heavy

metal ions by conjugated polymers have been studied. The

standard Gibbs free energies for the adsorption of Pb2+ and

Cd2+ by polyaniline at 30 8C are 76.38 and

75.83 kJ mol71, respectively.54 The negative Gibbs ener-

gies attest to the spontaneous character of adsorption of

metal ions by the polymer and to the possibility of retention

of the contaminant by the sorbent.

6.2. Adsorption of synthetic dyes
Different characteristics can be used to classify synthetic

dyes: engineers use the field of application and solubility;

chemists use the chemical structure (there are two main

groups: azo dyes and anthraquinone dyes) or the sign of the

charge generated on the molecule upon dissolution in water,

that is, cationic (positive charge), anionic (negative charge)

and neutral (zero charge) dyes. It is the chemical structure

and the charge that determine the sorption interactions and

the intensity of dye binding to the sorbent. The adsorption

of dyes by polyconjugated polymers is the subject of several

reviews.3, 141, 142

Data on the adsorption of chemically different dyes

possessing either cationic or anionic properties by conju-

gated polymers are summarized in Table 2. For compar-

ison, data on the adsorption of the same dyes by conven-

tional sorbents are also presented. It can be seen that,

despite considerable scatter of the results, the adsorption

capacity is, most often, higher for materials based on PANI

or PPy than for conventional natural sorbents. There are no

noticeable difference between the adsorption of dyes with

different chemical structure or different charge.

In a number of studies, the sorption of anionic and

cationic dyes was studied under identical conditions (equal

dye concentrations and contact conditions between the

sorbent and the dye). In these cases, direct comparison of

the results was possible. It was found that the adsorption

capacities of polymers for cationic and anionic dyes are

approximately equal. The adsorption capacities of PANI

towards the cationic Crystal Violet and anionic Methyl

Organge dyes are 245 and 220 mg g71, respectively.168 The

PANI composite can bind 467 mg g1 of the cationic Meth-

ylene Blue and 440 mg g71 of anionic Rose Bengal dyes

under the same conditions.169 PANI nanotubes equally

efficiently take up anionic Acid Green 25 170 and cationic
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Figure 5. Effect of the initial concentration of Cd2+ ions and the
contact time with the PANI/sawdust sorbent on the adsorption
capacity.53 Initial concentration of the Cd2+ ions /ppm: (1) 20,
(2) 25, (3) 35, (4) 40.
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Figure 6. Removal of Cr6+ ions from water by composite sorb-
ents based on PANI. Sorbent: (a) PANI/ethylcellulose,139

(b) PANI/carbon fibres.140 PANI content in the sorbents
(mass%): a: (1) 0, (2) 5, (3) 10, (4) 20; b: (1) 0, (2) 5, (3) 10,
(4) 15, (5) 20.
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Methylene Blue.171 These results indicate that ionic inter-

actions with the dyes do not play a crucial role in the

sorption. Apparently, in the case of PANI and PPy, an

important role belongs to hydrogen bonds and p ± p-elec-
tron interactions between the sorbent and the dye.

Fast and efficient binding of dyes to polyconjugated

polymers is evidenced by a large body of published data.

Figure 7 shows examples of removal of Acid Green 25 by a

PANI-based gel and Reactive Black 5 by PANI deposited

on polyurethane sponge.

The rate of dye adsorption by conjugated polymers is

rather high. The necessary contact time between the sorbent

and a dye solution is several tens of minutes. The time

dependence of the adsorption of Orange-II dye by nano-

structured PANI for various dye contents in water is shown

in Fig. 8. It can be seen that the adsorption curve comes to

saturation within a period of not more than an hour.

Like adsorption of heavy metal ions, adsorption of dyes

by conjugated polymers is a thermodynamically favourable

process. The standard Gibbs free energies for the adsorp-

tion of Reactive Red 194, Acid Blue 62, Direct Blue 199 172

and Orange-II 73 dyes by the PANI/g-Al2O3 composite from

aqueous solutions at 25 8C are negative, amounting to

72.27, 74.72, 77.12 and 76.83 kJ mol71, respectively.

6.3. Adsorption of bacteria and viruses
Currently, studies of PANI- and PPy-based sorbents for the

removal of micropathogens, including bacteria and viruses,

from water are carried out virtually in one scientific insti-

tution, that is, Gamaleya Research Institute of Epidemio-

logy and Microbiology.173 Nevertheless, a large body of

experimental data has been accumulated on the adsorption

Table 2. Adsorption capacities of various sorbents towards synthetic
dyes and degrees of water purification by these sorbents.

Sorbent Capacity Degree of Ref.
/mg g71 water puri-

fication (%)

Methylene Blue

Sorbents based on PANI

PANI (granules) 73 7 143, 144

PANI (nanotubes) 192 7 145

PANI/MoO3 7 96 145

Sorbents based on PPy

PPy (granules) 19.3 7 63

PPy/poly(vinylidene fluoride) 385 7 146

PPy/TiO2 323 7 147

Other sorbents

Silica gel 50 7 148

Graphene 17.3 7 149

CNT 35 ± 65 7 150

Hydroxyapatite 14.3 7 151

Sawdust 5.8 7 152

Alginate 572 7 153

Methyl Orange

Sorbents based on PANI

PANI (hollow nanospheres) 154 7 9

PANI/sawdust 137 89 154

PANI/polyamide 82 85 155

PANI/ZrPO4 377 94 156

Sorbents based on PPy

PPy (granules) 232 7 157

PPy/carbon 110 ± 140 7 158

PPy / halloysite 215 7 159

Other sorbents

Activated carbon 9.5 7 149

Banana husk 21 7 160

Congo Red

Sorbents based on PANI

PANI/lignin 1672 99.8 161

PANI/chitosan 323 95.4 162

PANI/Fe 244 7 163

PANI/MoS2 71 7 164

Sorbents based on PPy

PPy (granules) 122 7 165

PPy/ferrite 120 7 166

Biosorbent

Rice hulls 103 7 167

+
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Figure 7. Removal of Acid Green 25 (a) and Reactive Black 5
(b) dyes from water.63 (a) treatment by PANI-based aerogel by
immersion of the sorbent; (b) treatment by PANI-coated polyur-
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Figure 8. Adsorption capacity of nanostructured PANI vs. con-
tact time with Orange-II for dye content in water of 100 (1), 500 (2)
and 1000 mg L71 (3).73
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of various types of viruses, namely, non-enveloped polio-

myelitis virus and a wide range of influenza viruses as

representatives of enveloped viruses, the DNA of which is

surrounded by a protein membrane.174, 175

Adsorption of the most widespread gram-positive and

gram-negative bacteria was studied. The study was per-

formed using PANI and PPy powders, which had different

nanoscale structures and contained different counterions,

and also using composites of these polymers with CNT and

silver nanoparticles (Fig. 9).

A series of publications 174 ± 187 deal with studying the

adsorption of micropathogens on PANI and PPy by a

specially developed protocol using WHO-approved meth-

ods for determination of micropathogen concentrations and

toxicity. For comparison, adsorption of the micropathogens

was also carried out by carbon sorbents: nanodiamonds and

carbon nanotubes. The results were obtained under identi-

cal conditions and, hence, they can be directly compared.

Data on adsorption of the most common types of gram-

positive and gram-negative bacteria by polyconjugated

polymers and their composites with silver are summarized

in Table 3.179, 180 It can be seen that all of the sorbents

decrease the content of bacteria of any type in water, but the

efficiency of water purification is different. The top position

in the binding of bacteria is held by granular PPy and the

PPy/Ag composite, which remove all types of tested bac-

teria almost completely. In the case of nanotubular PPy, the

adsorption efficiency is lower. The adsorption capacities of

PANI and PANI/Ag are markedly lower than that of PPy;

the presence of silver does not always improve the adsorp-

tion performance of the material.

Data on the adsorption of poliomyelitis virus, a broad

range of influenza A, B, C viruses, and avian and swine

influenza viruses (from the collection of the Gamaleya

Research Institute of Epidemiology and Microbiology) by

PANI and PPy polymers were reported by Sapurina and co-

workers.175, 180 The results of studying the adsorption of the

most dangerous strains of influenza A virus are summarized

in Table 4. The polymeric sorbents take up virtually all of

the considered viral strains; however, the adsorption

capacity depends both on the type of polymeric sorbent

and polymer oxidation state and on the type of micro-

pathogen.181

It can be seen from the data of Table 4 that the use of

polymeric sorbents reduces the concentration of the virus in

an aqueous medium (physiological saline) by a factor of

4 ± 1024, while the infectious activity of the aqueous sol-

ution decreases by at least several orders of magnitude and,

in the case of PPy or PPy/Ag, it is completely suppressed.

Under the same conditions, a carbon sorbent reduces the

virus concentration by a factor of 2 ± 128. On average,

PANI and PPy in the oxidized form bearing a positive

charge are more efficient (the adsorption capacity depends

also on the type of anion counterbalancing the positive

charge).175 These results are in line with the trends identified

in the study of the interaction between PPy and DNA.69

These trends can be explained by ionic interactions between

a positively charged polymer and a negatively charged

micropathogen and by ion exchange, i.e., replacement of

the anion present in the polymer by the pathogen.182

The adsorption of viruses by polymeric sorbents is fairly

fast. Over the 4 ± 30 8C temperature range, adsorption took

place equally intensely and was completed within 15 min of

the sorbent contact with the polluted medium.184 The PPy

and PPy/Ag sorbents removed concentrated influenza virus

from the aqueous medium almost completely and did not

release the virus on attempted desorption by dilution of the

sorbent7virus complex with a fresh portion of physiolog-

ical saline (Fig. 10).

The nanostructural organization of the sorbent does not

affect considerably its sorption properties; in some cases,

one-dimensional structures of PPy and PANI had even an

adverse influence on the adsorption performance. In the

case of PANI and PPy composites with silver, no clear

trends were revealed either.177 In the presence of silver

nanoparticles, adsorption was improved only in some cases

for some micropathogens and for PANI-based sorbents,

while adsorption performance of PPy most often did not

change.185 There is no need to introduce silver into PPy-

based bactericidal filters.

a

Ag nano-
particles

Ag nano-
particles

b

200 nm 200 nm

Figure 9. TEM images of PANI/Ag composites with various
PANI nanostructures. Silver nanoparticles are deposited on PANI
granules (a) 175 and nanotubes (b).47

Table 3. Adsorption of bacteria most abundant in aqueous medium by
PANI and PPy polymers with different nanostructures and their
composites with silver.179, 180

Sorbent Infectious titer after adsorption
/CFU mL71

aqueous phase sorbent

Gram-positive bacteria

Staphylococcus Aureus Cowan

PPy 0 0

Py (nanotubes) 206101 156102

PPy/Ag 0 0

PANI 156102 50

PANI/Ag 106102 <104

Gram-negative bacteria

Shigella flexneri 2a

PPy 0 0

PPy (nanotubes) 176101 306102

PPy/Ag 0 0

PANI 356101 0

PANI/Ag 186102 806103

Klebsiella

PPy 0 0

PPy (nanotubes) 206102 406102

PPy/Ag 0 0

PANI 806102 806102

PANI/Ag <105 <105

Note. The infectious titer of the aqueous phase before adsorption in all

experiments was 26105 CFU mL71 (CFU is colony-forming unit).
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A special study showed that PANI and PPy provide for

cross-sorption of bacteria and viruses from aqueous media

containing both types of micropathogens.159 It was also

found that viruses stripped of accompanying proteins bind

more efficiently than viruses in the presence of nonviral

proteins. This attests to competitive adsorption of various

types of proteins by the polymers. Analysis of the set of

results showed that under the same experimental condi-

tions, the adsorption of viruses by polymers is much more

efficient than adsorption by carbon sorbents, despite the

greater specific surface area of the latter. A comparable

adsorption capacity was found only for nanodiamonds

modified by amino groups.174, 183

Interesting results were obtained in a study of the

infectious activity of the precipitate isolated after adsorp-

tion, which represented a complex of the sorbent with the

bound micropathogen. It was found that the infectious

activity is considerably reduced in the case of PANI and is

completely suppressed in the case of PPy and PPy/

Ag.184 ± 186 The micropathogen is strongly held by the

sorbent and is not desorbed upon dilution with fresh

portions of physiological saline at either ambient or ele-

vated temperature. Ultrasonic treatment of the sorbent ± -

micropathogen complex releases the major portion of the

virus into the aqueous phase. However, the virus extracted

Table 4. Adsorption of various influenza A virus strains by PANI and PPy polymers, their composites with silver and carbon nanotubes in
comparison with carbon nanotubes.

Sorbent Virus concentration (HA unit) X Infectious activity of the aqueous Infectious activity Ref.
before (I) and after (II) adsorption phase before (I) and after (II) adsorption of the sorbent

after adsorption
I II I II

Virus A/Wisconsin/67/05 (H3N2)

PANI 256 <2 <128 7 7 7 181

CNT 256 2 128 7 7 7 175

Virus A/Victoria/37/11 (H3N2)

PANI 512 128 4 7 7 7 180

PANI/Ag 512 8 64 106.5 7 101.5 181

PPy 2048 8 256 106.5 7 102.5 183

PPy/Ag 2048 2 1024 106.5 7 0 181

CNT 512 256 2 7 7 7 181

Virus A/IIV-Moscow/01/2009 (H1N1)swl

PANI 64 2 32 7 7 7 187

PANI/CNT 64 8 8 7 7 7 187

CNT 64 16 4 7 7 7 187

Virus A/California/07/09 (H1N1)pdm09

PPy 128 8 16 7 7 7 180

PPy/Ag 128 4 32 7 7 7 180

PPy (nanotubes) 128 16 8 7 7 7 180

Virus A/Switzerland/9715293/13 (H3N2)

PPy 512 2 256 104.75 0 0 184

PANI 512 8 64 104.75 102.5 101.5 184

PPy/Ag 512 2 256 104.75 0 0 184

Virus A/South Carolina/02/2010

PPy 512 0 7 7 0 7 185

PPy/Ag 512 0 7 7 0 7 185

Note. Concentration of the virus in the aqueous medium was determined by the WHO-recommended haemagglutination (HA) protocol using a

0.75% suspension of human blood type O-red blood cells. The method is based on the fact that the viral protein envelope agglutinates RBCs. The

HA unit is defined as the amount of the virus needed for agglutination of an equal volume of a standardized RBC suspension. X is the factor of

decreasing concentration of the virus in aqueous medium: ratio of the virus concentrations before and after adsorption. The infectious titers were

determined by treatment of a monolayer ofMDCK cell culture with the virus. The dilution of a solution of the virus that kills 50% ofMDCK cells

was taken as the infectious titer (log TCID50).
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Figure 10. Haemagglutinating titers of influenza A virus/Victoria/
361/11 (H3N2) in aqueous medium before and after adsorption by
PPy and PPy/Ag depending on the contact time with the sorbent.184
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from the complex proved to be non-viable and did not

exhibit infectious activity. Similar results were also obtained

for the isolated sorbent complexes with bacteria. These

results were confirmed by literature data on the clear-cut

bactericidal properties of PANI and PPy, which inhibit the

vital activity of various types of bacteria and

fungi.169, 188, 189 Thus, the sorbent not only binds but also

deactivates the micropathogens. This conclusion is consis-

tent with the reported data 69 on strong binding of PPy to

DNA molecules via hydrogen bonding, salt bridges and

p ± p-electron interactions. These results are highly impor-

tant regarding safe disposal and also regeneration and reuse

of polymeric sorbents.

To conclude this Section, we would like to note high

interest in the studies of sorption properties of PANI and

PPy. The high adsorption activity of the polymers can be

used both for biomedical purposes and for water treatment.

Here, especially important is the versatile character of

adsorption of various types of contaminants by polymers,

which is due to the following features of the sorbents:

Ð broad range of interaction types suitable for binding

the contaminant,

Ð highly porous permeable structure comparable with

carbon sorbents in the specific surface area,

Ð hydrophilicity of the polymers and good contact with

the contaminated aqueous medium.

7. Sorbent regeneration

From the practical point of view, the possibility of repeated

use and safe disposal of the sorbents are very important. In

the case of PANI and PPy, reactivation makes use of the

ability of polymers to change the oxidation state and doping

of the polymer chains. Under the action of a small negative

potential (470.5 V), polymer is reduced and its physical

parameters change, in particular, the concentration of the

positively charged nitrogen-containing groups sharply

decreases. As this takes place, the anions that previously

counterbalanced the positive charge and the water mole-

cules that solvate the anions migrate from the polymer

matrix to the aqueous phase. Analogous changes also take

place when polymers are treated with aqueous solutions

with pH >7; in this case, the acid anion is bound by alkali

(this procedure is called dedoping). During the reduction

and/or dedoping, PANI and PPy lose a considerable part of

their mass and shrink in the volume; this is accompanied by

decreasing hydrophilicity, decreasing concentration of

hydrogen bonds and disruption of the conjugation. These

changes lead to the release of contaminants bound to the

polymer; furthermore, not only contaminants with anionic

type of binding, but also neutral compounds are removed

from the polymer matrix.40, 45, 74, 189

The action of the positive potential on PANI and PPy

leads to the release of excess positive ions, e.g., heavy metal

cations or cationic dyes, from the polymer matrix.172 Thus,

by charge7discharge cycles in the potential range from

70.2 to 0.5 V against a hydrogen scale (or by changing the

pH), it is possible to release various types of contaminants

and regenerate the sorbent. This treatment does not damage

the sorbent: no irreversible changes in PANI and PPy or

degradation of sorption properties take place.

It was shown 52 that minor pH changes of PANI/TiO2 in

the range of 3 ± 8 induce adsorption7desorption of Meth-

ylene Blue; the sorbent maintains high performance even

after ten regeneration cycles: the adsorption activity

amounts to 99% of the initial level. The efficiency of

removal of Acid Red G, an anionic azo dye, from water by

the PANI/sawdust composite and the possibility of sorbent

regeneration over 45 cycles was demonstrated by Wang

et al.,65 while the efficiency of the removal of Methylene

Blue and Acid Red G by PPy/TiO2 nanoparticles (regener-

ation for six adsorption7desorption cycles) was reported

by Li et al.190 The results of these studies are depicted in

Fig. 11.

A reversible adsorption7desorption mechanism was

also observed for binding of mercury ions by polyaniline.191

The procedure for the removal of other heavy metal ions is

also rather simple and the degree of sorbent regeneration is

high: > 90% after 5 ± 10 adsorption7desorption

cycles.192, 193 In the case of Cr6+, a beneficial effect of

decreasing the toxicity of the sorbent ±metal complex

appears even as chromium is reduced to the trivalent state.

Nevertheless, sorbent regeneration for the reuse is attained

via Cr3+ desorption under the action of weak alkali.194

After the adsorption of micropathogens, PPy can be

reactivated under the action of ultrasound.184, 185 Treatment

in an ultrasonic bath for 15 min leads to the removal of

most of infectionally inactive influenza viruses; the degree

of regeneration of polypyrrole is 85% ± 90%.

The above examples demonstrate the possibility of

regeneration and repeated use of sorbents based on PANI

and PPy. Regeneration methods used after adsorption of all
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Figure 11. Diagrams of dye adsorption by sorbents based on PANI
and PPy depending on the number of sorbent regeneration cycles.
(a) Adsorption of the anionic zo dye Acid Red G (initial concen-
tration of 180 mg L1) by the PANI/sawdust composite;65 (b)
purification of water contaminated by MB and ARG cationic
dyes using the PPy/TiO2 sorbent.190
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three types of contaminants are quite simple and inexpen-

sive.

8. Conclusion

The body of experimental data that appeared in the scien-

tific literature in recent years indicates that representatives

of polyconjugated polymers, polyaniline and polypyrrole,

possess excellent sorption properties, which are imple-

mented via various types of chemical interactions: ion

exchange, redox, donor7acceptor and acid7base interac-

tions, hydrogen bonding and p ± p-electron interactions.

For this reason, PANI and PPy can bind various types of

contaminants and remove the most hazardous and stubborn

contaminants Ð heavy metal ions, toxic organic com-

pounds and micropathogens (bacteria and viruses) Ð from

aqueous media. The efficiency of adsorption of contami-

nants by PANI- and PPy-based sorbents is, most often,

higher compared with currently used conventional sorbents.

In view of the high stability and low cost of PANI and PPy,

and also the lack of toxicity and the possibility of regener-

ation and reuse, one can expect that in the future, poly-

conjugated polymers would become versatile sorbents for

the treatment of drinking water.

This work was prepared with the financial support of the

Russian Science Foundation (Project No. 19-73-30003).
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