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Abstract
Incineration units for sewage sludge disposal require a 40% minimum of dry solid content to obtain an ignitable mate-
rial for energy recovery. Electro-dewatering (EDW) process could be useful to accelerate and improve the removal of 
adsorbed/interstitial water from sludge, but this application must be as cheap as possible and, further, the use of noble 
metals as electrodes to avoid corrosion is not appropriate. With these constraints, the use of an organic conductive coat-
ing could be suitable to protect low carbon steel electrodes. In this work, we investigated the chemical, electrical and 
mechanical characteristics of coatings obtained with epoxy resin/multi-walled carbon nanotube (MWCNT) composites, 
with the aim to design a protective film. The filler/resin ratio is the main parameter to be considered because at high ratio 
the electrical conductivity increases and, on the reverse, the physical and mechanical performances worsen. Specimens 
with different concentrations of carbonaceous filler have been produced and their characteristics have been discussed 
in relation to the critical pigment volume concentration (CPVC) and to the percolation limit.

Keywords MWCNT · Epoxy resin · Conductive coatings · Electro-dewatering

1 Introduction

Conductive organic coatings applied to protect the 
metal electrodes against corrosion have advantages, 
like low production cost, low energy consumption and 
easy application, if compared to bare stainless steels or 
metal-coated steels [1]. The above performances are of 
special interest for industrial applications and sustain-
ability. In the electro-dewatering (EDW) systems for sew-
age sludge [2], one critical aspect is represented by the 
anode durability, due to the high current densities, the 
oxygen evolution, and the strong acid pH at the anode 
side [3]. In the EDW process, indeed, the applied voltages 
are up to several tens of volts, with current densities up 
to 100 mA/cm2. The production of protons at the anode 

may cause a significant pH decrease in the sludge cake, 
resulting in an acidic environment, and the oxidation of 
the anodic material may reduce the process efficiency. 
Therefore, anodes made of conventional stainless and 
nickel steel have sufficient strength, but they easily 
encounter corrosion, and may cause secondary pollu-
tion in the sludge cake or in the filtrate due to eluted 
metal ions [1]. Hard metal coatings are normally applied 
to prevent corrosion, but the cost of the technologies 
(PVD or electrodeposition) and the low productivity 
(batch process) exceed the process profitability. On the 
other side, conductive polymers alone, e.g. polyaniline 
(PANI) or polyvinylpyrrolidone (PVP), suitable for protec-
tive films, have limited thermal and electrical stability, 
low durability and relatively poor mechanical properties, 
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which are all mandatory characteristics for their appli-
cation on electrodes. Due to their excellent mechanical 
and chemical properties, titanium coated with mixed 
metal oxides (MMOs) are today considered as the best 
candidates for the EDW process [4]. However, the high 
cost of MMO anodes [5] may increase the investment 
costs of equipment for the implementation of the EDW 
process at full scale. Nowadays, conductive nanomateri-
als mixed to organic polymers represent a possible solu-
tion for two main reasons: these coatings allow good 
mechanical and physical performances and their appli-
cation process is easy and inexpensive also on complex 
surfaces [6, 7]. Significant efforts are consequently car-
ried out to produce new conductive polymer compos-
ites, particularly by addition of conductive carbonaceous 
fillers, like CNT, graphene or graphite, to non-conductive 
polymer matrices [8, 9]. However, the carbon fillers have 
both low electrical percolation threshold (EPT) [10–12] 
and a very low critical pigment volume concentration 
(CPVC), which, in many cases, do not meet the specifica-
tions required for conductive performance. In a previous 
work we described the durability of ceramic thin films on 
stainless steel electrodes tested in a lab-scale apparatus 
[3]. In this work, we report the results of the investigation 
on the mechanical and electrical properties of compos-
ite organic coatings, composed of MWCNTs dispersed in 
epoxy resin, at concentrations higher than the percola-
tion limit value and CPVC. The w/w percentage of the 
prepared composite materials is up to 50% MWCNT, a 
value never reported in literature for similar applications. 
Durability tests in operating conditions similar to those 
described for ceramic coatings are under investigation.

2  Materials and methods

2.1  Epoxy resin

The epoxy resin (Gelson s.r.l., MS65213, Lainate, 
Milano, Italy) was based on Bisphenol—A 2-(Chloro-
methyl)oxirane, with mono[(C12-14-alkyloxy) methyl] 
derivatives (9–20  wt%) and propylene carbonate 
(1–5  wt%). The viscosity of the yellowish polymer is 
1000–1200 MPa s and the specific weight is 1.130 g/ml 
(Gelson s.r.l. product datasheet). An alkaline hardener 
(Gelson s.r.l., MS65520, Lainate, Milano, Italy), based 
on polyoxypropylendiamine, was used. It contains 
m-phenylenebis(methylamine) (10–25 wt%) and benzyl 
alcohol (5–9 wt%). The viscosity is 120 mPa∙s and the 
specific weight 1.020 g/ml (Gelson s.r.l. product data-
sheet); the non-volatile part was experimentally verified 
to be about 95 wt%.

2.2  Solvent and dispersant

Hexane (99.8%) and N,N-dimethylformamide (99.8%) 
(Sigma–Aldrich) were used as received. A polycarboxylate 
comb-polymer was used as dispersant. It was synthesized 
with about 70% of free carboxylic functionalities on the 
backbone and the remaining part substituted by methoxy-
terminated PEO 1000. The molecular weight was approxi-
mately 30,000 g/mol.

2.3  MWCNTs

Multi-Walled Carbon Nanotubes (MWCNTs) were provided 
by the Nanotubes Section of the CMIC Dept. of the Politec-
nico di Milano (Milano, Italy). The CNT purity was higher 
than 93% and the residual part (< 7%) was constituted by 
inorganic material (Fe and Al) and oxygen. The bulk den-
sity was 26–36 kg/m3 (CMIC product datasheet).

2.4  Preparation of the formulations

Five dispersions at 4, 6, 8, 20, 50 wt% of MWCNT were 
prepared. As an example, the formulation of the sam-
ple at MWCNTs concentration of 20 wt% was: 220 g of 
N, N-dimethylformamide, 5.9 g of MWCNTs, 0.5 g of dis-
persant T588 - a polycarboxylate polymer prepared with 
30% of carboxylic group esterified with MPEG (Italcementi 
S.p.A. product datasheet)—and 20.0 g of epoxy resin.

The preparation of each formulation of the solutions 
comprehended several steps (Fig. 1). The method followed 
the indications reported by Chakraborty et al. [13]. At first, 
MWCNT powder was gradually added to the solution of N, 
N-dimethylformamide and dispersant. The mix was then 
left under probe sonication (home-made instrument), at 
28 kHz for 2 h, in an ice-cooled bath to keep the tempera-
ture constant at 25 °C.

After the sonication step, the MWCNT-solvent disper-
sion was mechanically stirred for 24 h at 500 rpm. When 
the mechanical stirrer was switched off, a high-speed dis-
perser was activated for 5 min at 9000 rpm, the epoxy resin 
was added and the stirring step was repeated for further 
24 h at 750 rpm. Then, the hardener was added to the solu-
tion at a ratio of 1:2 with respect to the epoxy resin and 
the dispersion was mechanically stirred for further 24 h.

2.5  Substrate preparation

The MWCNT-epoxy composite coating was applied 
on carbon steel plates with standard dimensions of 
60 × 60 × 1 mm. The elemental composition of steel was: 
C 0.05  wt%, Si 0.01  wt%, Mn 0.23  wt%, Cr 0.03  wt%, 
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Mo < 0.01 wt%, Ni 0.01 wt%, Cu 0.02 wt%, V 0.001 wt%, 
Fe 100 wt% (Spectrolab metal analyzer/OES/fixed). The 
carbon steel sheet was sandblasted with corundum and 
then washed with hexane in a sonicator bath for 10 min at 
59 kHz (Falc Instruments LBS2, Treviglio, Bergamo, Italy).

2.6  Film application and curing

The liquid suspensions were applied by a spray gun. A 
layer by layer wet deposition technique was adopted for 
MWCNT content greater than 20%, with a weak thermal 
treatment at 80 °C for 1 min between two successive depo-
sitions. The curing step was performed in two stages: 80 °C 
for 15 min and 180 °C for 15 min. The film thickness was 
maintained at around 30 µm (± 10), in order to obtain a 
complete coating of the surface. At least two specimens 
were prepared for each formulation.

2.7  Microscope analysis (SEM, AFM)

The scanning electron microscope (SEM) used for the 
surface analysis of the samples was a ZEISS EVO 50 EP 
spectrometer (Carl Zeiss AG, Oberkochen, Germany). 
AFM measurements were performed with a NT-MDT 
Solver pro, in contact mode, with a tip CSG10 (constant 
force 0.01–0.5 N/m, single crystal silicon) and scanning 
frequency of 0.8 Hz on an area of 20 × 20 μm2.

2.8  Resistivity analysis

The electrical conductivity was measured using a stand-
ard two-probes method ASTM D257 [14], measuring the 
volume resistivity of the composite coating with a digital 
calibrated multimeter (Thurlby Thandar Instruments Ltd., 
Glebe Road, Huntingdon. Cambs. PE29 7DX UK). In order 
to obtain reliable resistivity data on a larger surface, two 
copper probes were placed on the surface of the coating 
film and the resistance of the film was measured after a 
short stabilisation time. The device was composed by a 
Teflon support and two square copper rods, interspaced 

Fig. 1  Process flow chart for the dispersion of MWCNT in the polymer matrix
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by 1 cm, of 1 cm2 section area. A conductive non-ionic 
gel was used to increase the contact efficiency.

2.9  Electrochemical measurements

Electrochemical impedance analyses (EIS) and potentiody-
namic tests were performed using an Autolab PGSTAT30 
potentiostat/galvanostat equipped with FRA (Frequency 
Response Analyser) software. A three-electrode cell, con-
sisting in the working electrode, a titanium MMO counter 
electrode and a calomel reference electrode, was used. 
These electrodes were immersed in a NaCl (5% w/w) elec-
trolyte solution. Each sample was placed in the cell and 
analysed following a specific sequence order. Initially, 
the open circuit potential (OCP) was evaluated for 1 h, in 
order to stabilize the system. After this step, the EIS and 
the linear sweep voltammetry (potentiodynamic analysis), 
separated by a resting time of 2 min at OCP, have been 
measured.

The EIS analysis was carried out by applying an AC 
potential, while measuring the current. An amplitude of 
10 mV, a start frequency of 300 kHz and an end frequency 
of 10 mHz were used.

The potentiodynamic measurements were obtained 
varying the voltage linearly with time between two val-
ues. The scan rate was of 1 mV/s, with a starting value of 
− 75 mV and an end point of 1 V, with respect to the OCP. 
Potentiodynamic plots reported the voltage required by 
the corrosion process versus the corrosion current in loga-
rithmic scale.

2.9.1  Hardness analysis

In order to characterize the surface hardness of the com-
posite coatings at different MWCNT concentrations, the 
Vickers hardness analysis was performed with a WIN-HCU 
Fisher instrument following the DIN 50359/ISO15577 nor-
mative (F = 5000 mN for 10 s).

2.9.2  OCA measurement

Optical contact angles were measured with a OCA15plus 
(Dataphysics Instruments corp., USA) using the static drop 
method.

3  Results and discussion

The filler/polymer ratio is one of the main constraints 
affecting the properties of a coating. In our case, two 
quantitative parameters describe the filler–polymer rela-
tionship: the critical pigment volume concentration (CPVC) 
and the electrical percolation threshold (EPT). The CPVC 

parameter is the threshold of the volume filler–polymer 
ratio under which the resin completely wets the surface 
of solid particles. If, on the contrary, the ratio is above this 
threshold, porosity increases, and mechanical and physical 
properties change. Our experimental tests set the CPVC 
in between the 5.5–7.5 wt% of MWCNT. The EPT, instead, 
represents the critical concentration value at which a long-
range connected network of filler’s particles appears, and it 
is influenced by the distributions of particle diameters and 
nanotube lengths (aspect ratio). Therefore, EPT is affected 
by the amount and spread of particles, being both related 
to the continuity grade of the 3D filler-network. Besides, 
several other parameters strongly affect the EPT, such as 
the application method [15]. A range of EPT values from 
0.1 to 3.2 wt% for MWCNT appeared in the literature, while 
experiments on CNT set the threshold at around 4.5 wt% 
[10]. The exact low limit for EPT is reported to depend on 
the preparation method [16, 17].

3.1  Microscope analysis

The comparison of SEM images at the same magnifica-
tion (1,000x), presented in Fig. 2, evidences the poros-
ity changes at varying the concentration of MWCNTs. At 
concentration above 6 wt%, carbon nanotubes tend to 
aggregate and we observe a deep variation of the surface 
morphology. It appears clear indeed that the smooth areas 
of the resin gradually disappear, forming thin and discon-
tinuous films that cover the aggregated particles. The 
particle-aggregate structures, however, seem to remain 
jammed each other.

The SEM pictures of the samples at 20 wt% and 50 wt%, 
magnified at 5,000x, evidence the growing dimension of 
aggregates and pores (Fig. 3).

Increasing the magnification at 20,000x, the MWCNT 
aggregates appear linked to each other by well-separated 
MWCNT filaments (Fig. 4).

3.2  Surface roughness

AFM images (Fig. 5) show that a MWCNTs concentration 
higher than 6 wt% creates a pronounced roughness. The 
peak height increases by more than 10 times (from 200 to 
2500 nm) from the specimen coated with pure epoxy resin 
to that coated with a MWCNT concentration of 50 wt%.

The plots reported in Fig. 6 show the average rough-
ness  (Sa) and the skewness  (Ssk) of the samples. The 
changes of the  Ssk values, namely the degree of bias 
of the roughness shape (asperity), indicate that, at low 
MWCNT content (0–10 wt%), the coating surface is char-
acterized by low roughness and by peaks and asperities 
 (Ssk > 0), while, at higher concentrations, the average 
roughness is higher, the number of valleys increases 
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and height distribution (peaks and valleys) is symmetri-
cal around the mean plane  (Ssk ≈ 0).

The average roughness  (Sa), the root mean square 
roughness  (Sq) and the maximum peaks height  (Rmax) 
of the MWCNT coatings at different concentrations are 
shown in Table 1.

3.3  Mechanical properties

The Vickers hardness of the coatings was investigated by 
carrying out indentation tests with a load of 5 mN (10 s). 
Several indentations were made over the single specimen 
surface and the average value was taken (Fig. 7).

The results put in evidence a significant hardness 
increase of the composite film at MWCNT concentrations 

Fig. 2  SEM microphotographs 
(1000 ×) of carbon steel 
substrates coated with a pure 
epoxy resin and MWCNTs 
dispersed in epoxy resin at 
concentrations of b 4 wt%, c 
6 wt%, d 8 wt%, e 20 wt% and 
f 50 wt%

Fig. 3  SEM pictures (5000 ×) of 
carbon steel coated with MWC-
NTs dispersed in epoxy resin 
at concentrations of a 20 wt% 
and b 50 wt%
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around 4 wt% compared to the pure epoxy resin, indi-
cating that the addition of carbon nanotubes positively 
affects the hardness up to 4 wt%. The results agree with 
the literature [18]. At higher values (> 4%) the hard-
ness decreases, reaching values close to zero at 50% of 
MWCNT probably due to the air entrapped in the coating 
when the particle content is over the CPVC limit.

3.4  Surface tension

The water contact angles (WCAs) increase significantly in 
the 10–20 wt% range of MWCNTs content (Fig. 8). Out-
side this interval, a smooth change in the WCA values and 
a slight slope decrease was detected. The shape of the 
curve let us to suppose that while the contribution of the 
polymer is permanent also at higher roughness values, the 

Fig. 4  SEM pictures (20,000 ×) of carbon steel coated with MWC-
NTs dispersed in epoxy resin at a concentration of 50 wt%. The box 
enlightens the fibrous bonds among the aggregates

Fig. 5  AFM pictures of carbon steel coated with a pure epoxy resin and MWCNTs dispersed in epoxy resin at concentrations of b 4 wt%, c 
6 wt%, d 8 wt%, e 20 wt% and f 50 wt%
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morphological aspect, like the skewness, is the dominant 
surface parameter for surface tension.

3.5  Conductivity

Resistivity values at different MWCNT concentrations are 
presented in Fig. 9. An increase of one order of magnitude 
in the conductivity is observed in the interval 4–10 wt%, 
in agreement with the results reported in literature, that 
place the greatest conductivity around the EPT. At higher 
MWCNT concentrations the resistivity further decreases, 
although with a lower slope. This behaviour could be 
unexpected, considering that at higher filler concentra-
tions the porosity increases. Nevertheless, the resistivity 
data let us conclude that enriching the network of carbon 
particles over the CPVC increases the MWCNT composite’s 
conductivity, despite the high number of voids in the coat-
ing. The shape of the resistivity curve seems to suggest, in 
agreement with the SEM observations, that the electrical 
links are not totally interrupted, and the agglomerates are 

bound to each other. However, in MWCNT composite coat-
ings, a long and complex procedure is needed, and a net-
work has to be realized to produce nanotube sequences 
for electrical conductance.

3.6  EIS and potentiodynamic tests

Figure 10a shows the EIS curves of the samples coated with 
MWCNTs concentrations of 6–8 wt%, while Fig. 10b reports 
those for the highest concentrations (≥ 20 wt%). Consider-
ing that an increase in the z’ values (the real impedance 

Table 1  Amplitude parameters from AFM analyses

Sa (nm) Sq (nm) Rmax (nm)

Epoxy resin 10.1 15.1 227.3
CNT 4% 87.3 121.4 1111.5
CNT 6% 105.2 131.1 885.3
CNT 8% 249.1 307.8 2178.6
CNT 20% 233.9 291.9 2415.1
CNT 50% 261.3 327.9 2276.8
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Fig. 7  Vickers hardness values of carbon steel coated with epoxy 
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component) indicates an increased corrosion resistance, 
the curves related to a MWCNT concentration of 68 wt% 
present significant, nonetheless low, trend variation: z’ 
data for both samples are greater than those of bare metal. 
Moreover, the z’ values of the sample with a MWCNTs 
amount of 6 wt% seem to be higher than those obtained 
with a concentration of 8 wt%. However, at 6 wt% a double 
curve is observed, probably meaning the existence of two 
(or more) types of coating. The samples with high MWCNT 
percentages present comparable trends, similar to that of 
the pure metal. However, a corrosion protection behaviour 

of the coatings at low concentrations is assessed. Indeed, 
appreciable differences are observed for the impedance 
values at MWCNT amounts higher than 20 wt%, where 
the z’ values are one order of magnitude lower, due to a 
significant difference in the material responses related to 
corrosion behaviour.

The results of the potentiodynamic tests confirm the 
observations argued before (Fig. 11). The 4 wt%, 6 wt%, 
8 wt% specimens (Fig. 11a) have a significant reduction 
of the corrosion currents and an increase of the potential 
values. Concentrations of MWCNTs higher than 20 wt% 

Fig. 10  EIS Nyquist plot of carbon steel coated with epoxy resin at different MWCNTs concentrations compared to bare metal: a 6–8 wt%, b 
20–50 wt% and c comparison at high frequencies
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(Fig. 11b) cause similar potentiodynamic trends and com-
parable to that of the pure metal. The reduction of cor-
rosion currents, however, appears not to be enough to 
assess that the coatings have a pronounced anticorrosive 
property.

Table  2 shows the Tafel parameters  (icorr,  Ecorr, Tafel 
slopes βa and βc, and polarization resistance  Rp) of the 
potentiodynamic tests carried out on bare metal and car-
bon steel coated with different concentrations of MWCNTs. 
Generally,  icorr increased with the concentration of MWC-
NTs, with values at 20–50% similar to that achieved for 
the bare metal. On the other hand, polarization resistance 
decreased when the MWCNTs concentration was higher.

4  Conclusions

Conductivity and physico-mechanical properties of 
MWCNT-epoxy coatings have been evaluated, up to 
a MWCNT concentration of 50%, considering the two 
parameters related to the filler/polymer ratio: the critical 
pigment volume concentration (CPVC) and the electrical 

percolation limit (EPT). The former highlights that at 
MWCNT content higher than 6–7% the wetting at the 
particle-polymer interface becomes discontinuous; the 
second, EPT, seems to have a very low value (≤ 4%), as 
evidenced by the decrease of the electrical resistivity by 
increasing the MWCNT load.

Other properties have been related to the filler/polymer 
ratio. The hardness had a maximum peak at a MWCNT con-
centration of 6 wt% and dramatically fell down at higher 
loads. On the other side, the uniform skewness, referred 
to peaks and valleys, was associated to the homogeneity 
degree of dispersion and to the arrangement of MWCNTs.

The electrical conductivity did not significantly suffer 
the coating porosity as one would have expected, but it 
increased with the MWCNT concentration. This behaviour 
could be due to the MWCNT bridges among the agglom-
erates, as evidenced by the SEM microphotographs: the 
electrical continuity was ensured as the MWCNTs became 
more densely packed and by the MWCNT wires stretched 
configuration. The drawbacks of the increased content 
of the filler are the diminished mechanical properties, as 
expected when the solid content is above the CPVC. The 
comparability of the results for mechanical or electrical 
properties with other studies is however restricted due to 
different carbon materials and surface functionalization, 
deviating production processes (dispersion and nanotube 
stabilization) and different polymer properties.

It is worth to note that the goal of building carbon 
composite coatings with anticorrosion properties might 
be obtained at concentrations higher than the CPVC, as 
high WCA is observed at high MWCNT contents, when the 
obtained surfaces have a low skewness. The future activ-
ity of the research could take into account the durability 
performance in test conditions.

Fig. 11  Potentiodynamic plots of carbon steel coated with epoxy resin at different MWCNTs concentrations compared to bare metal: a 
4–6–8 wt% and b 20–50 wt%

Table 2  Tafel parameters of potentiodynamic tests on bare metal 
and MWCNTs composite coatings

icorr
(A/cm2)

Ecorr
(V)

βa
(V/dec)

− βc
(V/dec)

Rp
(Ω cm2)

Bare metal 1.08 E−05 − 0.71 0.067 0.080 637.17
CNT 4% 3.17 E−07 − 0.10 0.643 0.018 153,581.00
CNT 6% 1.11 E−06 − 0.51 0.108 0.107 14,009.00
CNT 8% 2.12 E−06 − 0.51 0.080 0.089 5050.00
CNT 20% 1.25 E−05 − 0.64 0.079 0.107 952.30
CNT 50% 3.54 E−05 − 0.67 0.089 0.116 320.03
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