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Abstract Economic and efficient materials for the

shielding of electromagnetic interference are required

by many applications. Electrically conducting com-

posite materials based on wood sawdust modified by

polypyrrole (PPy) with different morphology, globular

and nanotubular, were prepared through in-situ poly-

merization of pyrrole with the use of iron (III) chloride

as an oxidant. The effect of PPy morphology and

content in composite with sawdust on the DC

conductivity and shielding effectiveness (SE) were

investigated. Composites of sawdust with globular

PPy demonstrated higher DC conductivity as com-

pared to those with PPy nanotubes as long as PPy

content was less or equal to 18 vol.%. Above this

concentration the opposite trend was observed. The SE

of composites was evaluated theoretically in the radio-

frequency range, and measured by waveguide method

in the frequency range 5.85–8.2 GHz. The SE

increased with increase in DC conductivity, and good

agreement between the theoretically calculated SE and

experimental results was achieved. The SE of the

composites extended over 20 dB level above 18 vol.%

PPy at the thickness of the order of 10 lm. Polypyrrole

nanotubes perfomed better than globular PPy at high

conducting polymer content. The composites are good

candidates for the application as shielding materials in

the microwave band.
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Introduction

Conducting polymers, such as polyaniline (PANI),

polypyrrole (PPy) and their substituted derivatives

absorb electromagnetic radiation and therefore are

widely considered in design of materials shielding the

electromagnetic interference (Sapurina et al. 2005;

Gashti et al. 2015; Xie et al. 2015a, b; Mohan et al.

2016; Zhao et al. 2016). The SE of a material is defined

as the ratio between the incident power (Pi) and

transmitted power (Po) of an electromagnetic wave:

SE ¼ 10 log
Pi

Po

� �
ð1Þ

and it is expressed in decibels (dB). High conductivity

and dielectric constant of materials contribute to high

SE. In spite of moderate conductivity of PANI and

PPy, i.e. units of S cm-1 for classical globular

morphology and tens of S cm-1 for nanotubes

(Kopecká et al. 2014; Bober et al. 2015), materials
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with sufficiently high SE have been prepared on their

base. These include the coating of textile with PPy and

PANI (SE = 20–35 dB in the frequency range

Df = 100 MHz–2.2 GHz) (Maity et al. 2013)), PANI

thin film with high extent of crystallinity

(SE = 68 dB, Df = 4–12 GHz) (Mohan et al. 2016),

and composites of PANI with sawdust (SE = 10 dB,

Df = 100 MHz–3 GHz) (Sapurina et al. 2005). The

improvement of SE of such type of composites was

also reported for PANI and PPy intercalated by silver

nanoparticles and other metals (Gashti et al. 2015;

Zhao et al. 2016).

The processing ability of PPy and PANI alone is

poor and this also applies to mechanical properties.

Therefore, it is suitable to deposit these polymers on a

suitable support. It is well known that virtually any

surface, which is immersed in the reaction mixture

used for the preparation of conducting polymers,

becomes coated with a thin layer of these polymers

(Stejskal et al. 2003). The deposition is based on the

physical adsorption of oligomers followed by the

polymerization rather than on chemical grafting

(Stejskal and Sapurina 2005). Such surface modifica-

tion has been investigated especially for PANI. During

the oxidative polymerization of aniline in the presence

of any substrate in the reaction medium, two processes

can be distinguishing: so-called ‘‘surface’’ and ‘‘bulk’’

growth of polymer chains (Sapurina and Stejskal

2008). The ‘‘surface’’ process takes place at the

beginning of the reaction starting from the adsorption

of insoluble oligomers at the surface of substrate and

continues with PANI chains growth resulting in PANI

film formation. Depending on the polymerization

conditions, PANI film has thickness from tens up to

hundreds nanometers. Moreover, it is established that

nature of substrate can influence significantly the

PANI film morphology as well as PANI coating can

change the electrical and magnetic properties of

substrate (Moucka et al. 2008; Babayan et al. 2012).

The ‘‘bulk’’ process is polymerization of aniline in the

continuous liquid phase resulting in formation of

PANI precipitate. This happens when the amount of

conducting polymer is too large to be accommodated

at substrate surface. This is equally applicable also to

PPy (Blinova et al. 2007; Sasso et al. 2011).

Conducting polymers have been used for protection

of wood, e.g., by the biodeterioration by fungae (Treu

et al. 2014). There is another benefit in the application

of conducting polymers in the composites with wood,

the flame retardancy (Stejskal et al. 2005; Stejskal

et al. 2007; Trey et al. 2012). Conducting polymers

convert at elevated temperature to nitrogen-containing

carbons (Trchová et al. 2009). When deposited on

wood or cellulose fibers, the carbonized polymer

surface restricts the access of oxygen to the interior,

which becomes carbonized but does not burn by flame

(Stejskal et al. 2007). The reduced flammability may

be a welcome value-added property in electrical

applications.

The present study demonstrates that wood sawdust

can be used as an economic support for the deposition

of polypyrrole and subsequently applied for electro-

magnetic radiation shielding. It is shown that by

proper choice of PPy morphology, controlled by

synthesis conditions, and PPy concentration in com-

posite, the materials with SE above 30 dB and

thickness not exceeding 1 mm can be obtained. The

results suggest that both types of sawdust–PPy com-

posites can be successfully utilized as shielding

materials in the certain microwave band.

Experimental

Materials

Sawdust was prepared with a 25 cm diameter circular

saw operating at 1400 rpm from dry ash-tree wood

(Fraxinus excelsior L.) and a sieve with 250 lmmesh

size was used to remove larger particles. Globular PPy

was prepared in the presence of sawdust by the

oxidation 0.05 M pyrrole with 0.05 M iron(III) chlo-

ride in aqueous medium at room temperature (Bober

et al. 2015). The reaction mixture for the synthesis of

PPy nanotubes contained in addition 0.0025 Mmethyl

orange. 1 L of the reaction medium generates under

these conditions &2 g of PPy. Freshly prepared

solution of pyrrole with methyl orange was poured

over weighed portion of sawdust, the solution iron(III)

chloride oxidant was added, and the mixture was

stirred with a magnetic bar for 1 h. The composites

containing various fractions of PPy were prepared by

balancing the volume of reaction mixture and mass of

sawdust. Solids were separated next day by filtration,

rinsed with 0.2 M hydrochloric acid, followed by

acetone, and left to dry in air at ambient temperature

for several days.
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Characterization

The morphologies of prepared materials were charac-

terized with the scanning electron microscopy (SEM)

using a JEOL 6400 microscope. The DC conductivity

was measured by a four-point van der Pauw method,

using a Keithley 6517A as a current meter and a

Multimeter Keithley 2410 as a source and voltmeter.

In order to measure the conductivity, PPy-coated

sawdust particles were compressed into pellets at

200 MPa.

The SE of PPy-sawdust composites was measured

in the frequency range of 5.85–8.2 GHz using Agilent

N5230A vector network analyzer (VNA). An electro-

magneticwavewas injected directly into the composite

using a waveguide set-up which is illustrated in Fig. 1.

To measure the scattering parameters (Sab, where

a is the network analyzer port number that is receiving

the scattered energy, and b is the network analyzer port

number that is transmitting the incident energy) a full

two-port VNA calibration was performed at the

beginning of each test sequence. The values of

measured scattering parameters are negative, and their

absolute values are denoted as the attenuation on

reflection (|S11|) and transmission (|S21|) of the radi-

ation. In present study, the value of SE is equivalent to

the attenuation on transmission (|S21|) of the radiation.

To calculate theoretical SE of PPy–sawdust com-

posites in a broad frequency range (106–1010 Hz), the

far-field shielding theory was applied and SE as a

function of composite DC conductivity (r), thickness
(d) and frequency (f) was calculated by using the

following equation (Colaneri and Shacklette 1992;

Lee et al. 1999):

SE ¼ 10 log
1

4

r
2xe0

� �
cosh

2d

d

� �
� cos

2d

d

� �� ���

þ2

ffiffiffiffiffiffiffiffiffiffi
r

2xe0

r
sinh

2d

d

� �
þ sin

2d

d

� �� �

þ2 cosh
2d

d

� �
þ cos

2d

d

� �� ��
Þ

ð2Þ

where

x ¼ 2pf ð3Þ

is the angular frequency, and

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

l0lrxr

s
ð4Þ

is the skin depth, i.e. the depth of material to which the

radiation will penetrate within the material with a

decrease in intensity to 1/e of its original strength, l0 is
vacuum permeability and lr is relative permeability of

the composites. Since PPy-sawdust composites are

nonmagnetic materials, lr = 1.

Results and discussion

Sample preparation

PPy is typically prepared by the oxidation of pyrrole

with ammonium peroxydisulfate (Blinova et al. 2007)

or more frequently with iron(III) chloride (Xie et al.

2015b) (Fig. 2) in aqueous medium and obtained as

powder with characteristic globular morphology

(Fig. 3a). When the reaction mixture contains methyl

orange dye, PPy nanotubes are obtained instead

(Kopecká et al. 2014; Sapurina et al. 2017) (Fig. 3b).

DC conductivity

Electrical properties of composites are usually dis-

cussed on the bases of volume fractions of conducting

component. Weight fractions were therefore con-

verted to volume fractions by using densities of wood,

0.7 g cm-3, and PPy, 1.4 g cm-3, estimated from the

mass and dimensions of compressed pellets used for

the conductivity measurements. When a solid
Fig. 1 Measurement set-up for shielding effectiveness

evaluation
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substrate, wood sawdust in this study, is present in the

reaction mixture, it becomes coated with the PPy. The

coating sawdust need not be complete when the

amount of produced polymer is low, estimated to be

less than 5 vol.% in the composite, or it can be

accompanied by free PPy, when its content in the

composite exceeds ca. 11 vol.%. We can only spec-

ulate that even when the coating is patchy, PPy can

still produce a connective network between particles

of wood after the composite is compressed to pellets.

For that reason, no percolation threshold was observed

even at the lowest 1 vol.% PPy content (Fig. 4). The

composite can therefore be regarded as a conducting

PPy matrix filled with non-conducting sawdust parti-

cles, i.e. different morphology than in the composite

produced by simple mixing of PPy powder with

sawdust. Similar dependence was also reported for the

composites of PANI and sawdust (Sapurina et al.

2003).

It should be noted that up to the 18 vol.% content of

PPy the composites with globular morphology of the

polymer are characterized by higher conductivity than

those with PPy nanotubes. However, at higher con-

centration of the conducting phase (above 18 vol.%)

the conductivity of composites with PPy nanotubes is

higher as compared to those with globular

morphology.

Shielding effectiveness

The theoretical SE values of PPy-sawdust composites

were calculated using Eq. 2 which implies a good

conductor approximation, i.e. r/xe0 � 1, where e0 is
the permittivity of free space. To satisfy this condition,

the conductivity data of composites with PPy content

corresponding to 4 vol.% and higher were used for SE

calculation. Even if conductivity of composite was as

low as 0.2 S cm-1 (4 vol.% of PPy nanotubes), then at

frequency of 10 GHz, r/xe0 was still equal to several

tens of units.

Fig. 2 PPy is typically prepared by the oxidation of pyrrole

with iron(III) chloride

Fig. 3 Morphology of

a globular PPy and b PPy

nanotubes

Fig. 4 The dependence of DC conductivity on volume fraction

of PPy in the composites with sawdust
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Figure 5 depicts SE plots for two sets of composites

with volume content of polypyrrole being in the first

case below 18 vol.% and in the second case above this

level. The measurement and calculation of SE was

carried out on the samples with the thickness of

0.5 mm. Taking into account the scattering of the

experimental data that is determined by re-reflections

inside measurement setup, the theoretically calculated

SE gives a reasonable fit to experimental results.

It is obvious that the composite with 5 vol.% of

globular PPy demonstrates higher SE than its analogue

with PPy nanotubes, whereas at 33 vol.% of PPy

content, this is vice versa. Thus, the SE is determined

by DC conductivity (Fig. 4).

Figure 6 demonstrates 3D plots of theoretical SE of

the same composites calculated for the extended range

of the frequency and composite thickness. The latter

parameter was varied from x mm to 1 mm, where

x corresponds to thickness of the respective composite

assuring at least 10 dB of SE level (= 90% SE). The

composites with globular PPy were more efficient

(Fig. 6a) than with nanotubes (Fig. 6b), but even the

Fig. 5 Measured (symbols)

and calculated frequency

dependences (lines) of SE

for the samples of

PPy–sawdust composites

with a 5 vol.% and

b 33 vol.% PPy

Fig. 6 SE as function of

frequency and thickness of

PPy-sawdust composites:

a -5 vol.% of globular PPy,

b -5 vol.% of PPy

nanotubes, c -33 vol.% of

globular PPy, d -33 vol.%

of PPy nanotubes
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sample with the lowest conductivity

(r = 0.4 S cm-1, 5 vol.% of PPy nanotubes in com-

posite) is characterized by 20 dB SE level (= 99% SE)

in the frequency range from 1 MHz to 10 GHz when

its thickness approaches to 1 mm (Fig. 6b). The SE of

this sample demonstrates virtually frequency inde-

pendent behavior, whereas SE of the samples with

higher concentration of PPy have both frequency-

independent as well as frequency-dependent parts

(Fig. 6c, d). It was demonstrated (Colaneri and

Shacklette 1992), that for frequencies much lower

than crossover frequency, i.e. the frequency at which

the thickness of the composite equals the skin depth

(‘‘electrically thin’’ shield), Eq. 2 becomes indepen-

dent of frequency and for the frequencies far above

crossover frequency (‘‘electrically thick’’ shield), the

SE increases monotonically with frequency. The

crossover frequency calculated for the sample with

5 vol.% PPy nanotubes content using Eq. 4 is rather

high and equals to 6.3 GHz even at the largest

considered thickness of 1 mm (Table 1). That is the

reason of the frequency independent behavior of this

sample. The crossover frequencies of the rest of the

samples (Table 1) are much lower thus the frequency

dependent part of SE is well pronounced there.

Based on conductivity data, the minimum theoret-

ical thickness of PPy-sawdust composites was cal-

culated which would assure 20 dB SE level in the

frequency range of 106–1010 Hz (Fig. 7). Starting

from 18 vol.% of PPy, the thickness of about tens of

micrometers is sufficient to obtain highly efficient

shielding materials.

It should be noted that PPy is substantially

more effective in the electromagnetic radiation

screening than PANI. The composite of PANI

(33 wt%)–sawdust required at least 100 mm thickness

for only 10 dB SE at GHz frequency range (Sapurina

et al. 2005).

Conclusions

Based on the results of present study, the following

conclusions can be drawn:

(1) Electrically conducting composites of wood

sawdust and PPy with different morphology,

globular and nanotubular, were prepared. Com-

posites with globular PPy have higher DC

conductivity than those with PPy nanotubes

when the polymer content was below 18 vol.%.

Above this concentration the opposite trend is

observed.

(2) The shielding effectiveness of composites was

evaluated theoretically by using of far-field

shielding theory and measured by waveguide

method in the frequency range from 5.85 to

8.2 GHz. Good agreement between experiment

and theory was achieved.

(3) The shielding effectiveness reached 20 dB

above 18 vol.% PPy in the composite at the

thickness tens of micrometers, and PPy nan-

otubes were more efficient at high PPy contents.

(4) The SE of PPy was considerably better than that

of PANI in similar composites with wood

sawdust reported in the literature (Sapurina

et al. 2005).

(5) Considering all the advantages, i.e. high SE,

small thickness, and low production cost, such

composite materials could be of practical inter-

est for the shielding of electromagnetic radia-

tion in microwave band.

Table 1 Crossover frequencies of composites calculated for

1 mm thick samples

Sample Crossover frequency

GHz

5 vol.% globular PPy 0.56

5 vol.% PPy nanotubes 6.30

33 vol.% globular PPy 0.23

33 vol.% PPy nanotubes 0.13

Fig. 7 Minimum thickness of PPy–sawdust composites

required to assure 20 dB SE
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