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A B S T R A C T   

Biochar nanoparticles (BCN) derived from spruce wood and wheat straw were prepared, characterized and 
incorporated into zinc-rich epoxy coatings, with the aim of improving the zinc powder utilization and the 
anticorrosion performance. Formulations with different BCN and commercial carbon black dosages (0.4 wt%, 
0.8 wt% and 1.6 wt%) were compared to a zinc-rich epoxy paint (ZRP) without carbon addition. After immersion 
and salt spray exposure, coated steel panels were characterized with optical, electrochemical and spectroscopy 
techniques to evaluate the anticorrosive performance. BCN and carbon black addition enhanced the local elec-
trochemical reactions and the barrier effects were promoted by an increased amount of zinc corrosion products 
(Zn5(OH)8Cl2 and ZnCO3). The formulation with 0.8 wt% of spruce wood BCN performed equivalently well 
compared to the ones with carbon black. The degraded area and rust accumulation around the artificial scribe for 
the formulation with 0.8 wt% of spruce wood BCN were 29.8% and 27.8% less than ZRP, respectively, which is 
attributed to the good electrical conductivity and high specific surface area of spruce wood char. These results 
suggest a promising and sustainable option for improving the anticorrosive performance of zinc-rich epoxy 
coatings by the incorporation of BCN.   

1. Introduction 

Zinc-rich epoxy paints (ZRP) have been used for corrosion protection 
of offshore and marine steel structures since the 1940s [1]. It is uni-
versally accepted that ZRP can provide both galvanic and barrier pro-
tection. In the initial stage of exposure, sacrificial pigments are 
compactly connected to enable a flow of anodic current down to the 
steel substrate. Subsequently, as zinc corrosion products accumulate, 
electron transfer pathways are blocked and long-term barrier protection 
gradually takes over the role [2]. In order to establish a continuous 
percolation path, heavy loading of zinc particles – even above 90 wt% in 
the dry film – is recommended by the formulators [3,4]. However, the 
amount of zinc staying functional throughout service life is still quite 
limited [5], while the high pigment concentration leads to reduced 

mechanical properties and overly porous coating film. 
In order to improve the utilization rate of zinc powder and prolong 

the protection life of ZRP, efforts have been made such as employing 
zinc with different shape and size [4,6,7], incorporating modified 
alumina nanoparticles [8], micaceous iron oxide [9], nanoclay [10,11] 
and various carbon-based conductive materials including carbon nano-
tube [12,13], carbon fiber [14], graphite [15], graphene [16] and 
reduced graphene oxide [17] etc. The mechanism of superior anticor-
rosive performance provided by the addition of these carbon-based 
materials has generally been ascribed to the establishment of extra 
electroconductive pathways between zinc particles. However, one of the 
most important obstacles impeding their wider range of application is 
cost, as the production of those crystalline nanocarbons is expensive and 
entails a complex processing apparatus [18]. Moreover, concerns about 
global warming and the environmental impact of chemicals encourage 
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us to rethink the sustainability of these fossil fuel-derived materials. For 
example, the graphene has been reported with notable toxicity to human 
cells and organisms [19], and the life cycle energy use of carbon nano-
tubes were even higher than the traditional materials like aluminum 
[20]. In this frame, it is important to identify more sustainable pigments 
for enhancing the anticorrosive properties of coatings. 

Biochar is a pyrogenic carbonaceous material obtained from ther-
mochemical processes of various biobased feedstocks, such as wood and 
agricultural waste [21,22]. Biochar has received close review for a wide 
range of applications including as soil amendment [23], adsorbent [24], 
fillers in polymers [25], catalyst [26], carbon precursor for super-
capacitors [27] and sensors [28]. Recent studies have investigated the 
electrochemical properties of biochar in the context of soil biogeo-
chemistry [29,30], environmental remediation [31] and for the pro-
duction of composite materials [32,33] and energy storage devices 
[34,35]. Indeed, the carbon structure of biochar is known to be electron 
conductive, especially if biochar is produced at high pyrolysis temper-
ature [30,32]. Considering its cost-effectiveness and its unique proper-
ties including high carbon content, large specific surface area and 
diverse functional groups content, the biochar could be a potential 
candidate for fillers in anticorrosive coatings. 

This study investigates this novel application of biochar: two types of 
BCN derived from different feedstocks - spruce wood and wheat straw 
with similar size distribution - have been prepared and incorporated into 
ZRP as functional filler. Conductive carbon black (CB) has long been 
adopted to effectively enhance the conductivity of zinc-rich coatings 
[36,37], thereby samples containing equal amounts of CB were prepared 
for comparison. The purpose of this research lies in characterizing 
properties of BCN, evaluating the anticorrosive performance of ZRP 
formulations with BCN addition at different dosage and explaining their 
working mechanisms. To the best of our knowledge, this is the first study 
evaluating the performance of biochar as additive in ZRP. 

2. Materials and methods 

2.1. Preparation of biochar nanoparticles 

The biochar used in this work were obtained from pilot-scale gasi-
fication plants. Straw char was the solid residue of a 100 kWth low 
temperature-circulating fluidized bed gasifier (LT-CFB), using winter 
wheat straw pellets as fuel. Due to the passage into fluid bed reactors, 
the char residual generated by this process is a fine powder. Details of 
the LT-CFB gasification technology is described elsewhere [38,39]. The 
wood char was obtained from the gasification of spruce wood chips, in a 
75 kWth TwoStage downdraft gasifier. A detailed description of this 
gasification system can be found in previous publications [40,41]. Due 
to the design of this gasifier, the wood char particles were not 
completely pulverized during thermal conversion. For the purpose of 

Nomenclature 

BCN biochar nanoparticles 
BET Brunauer-Emmett-Teller 
CPEdl double layer capacitance 
CPEc coating capacitance 
CB carbon black 
CNC Computer Numeric Controlled 
DFT dry film thickness 
DLS dynamic light scattering 
EIS electrochemical impedance spectroscopy 
εW water permittivity 
LT-CFB low temperature-circulating fluidized bed gasifier 
Qc coating capacitance (for water uptake) 

Rct charge transfer resistance 
Rp polarization resistance 
Rs solution resistance 
SAM scanning acoustic microscopy 
SCE saturated calomel electrode 
SEM scanning electron microscopy 
SP spruce wood char nanoparticles 
ST straw char nanoparticles 
TEM transmission electron microscopy 
Xv(%) volume percentage of water uptake 
XPS x-ray photoelectron spectroscopy 
|Z|0.01Hz impedance modulus at 0.01 Hz 
ZRP zinc-rich epoxy paints  

Fig. 1. Sketch of the electrical conductivity measurement setup.  
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this study, the biochars were collected at the LT-CFB and the TwoStage 
gasification plants, both developed and operated at Technical University 
of Denmark, Risø. A commercial carbon black (The Cary Company, USA) 
was selected as a reference conductive pigment. 

Both biochars without screening underwent milling process by a 
planetary ball mill PM-100 (Retsch GmbH, Germany) at 400 rpm for 
>10 h. To determine the relation of biochar particle size against milling 
time and optimize the energy consumption, powdered samples were 
taken out at different times and their particle size was analyzed by dy-
namic light scattering (DLS) on a Litesizer 500 analyzer (Anton Paar, 
Germany). 

2.2. Characterization of biochar nanoparticles 

The elemental composition of biochars was determined by Euro EA - 
CHNSO Elemental Analyzer (Eurovector, Italy). The specific surface area 
of the carbonaceous materials was assessed by Brunauer-Emmett-Teller 
(BET) method through N2 sorption (77 K) with the surface area analyzer 
NOVA touch LX2 (Quantachrome Instrument, USA). The morphology of 
the produced BCN was obtained by the transmission electron micro-
scope (JEM-F200, Japan). 

Electrical conductivity was measured via a self-constructed setup 
(Fig. 1) similar to other described in literatures [32,42]. The device was 
cut in the connection from a ‘dumbbell’ shaped solid copper cylinder, 
where powder samples could be encapsulated in the chamber between 
the two copper bars and the surrounding hollow plexiglas therefore 
forming a compact particle bed. When pressure was applied on the two 
ends of the devices, two plugs were connected to a multimeter for 
measuring the electrical resistance of the sample. 

The electrical conductivity was calculated from electrical resistance 
by Eq. (1). 

σ =

(
R∙A

H

)− 1

(1) 

Here σ is the electrical conductivity (S/m), R is the electrical resis-
tance (Ω) of measured powder, A is the contact surface area between 
copper and powder sample at each side, H is the height of the com-
pressed particle bed. The original resistance of the setup was deducted 
from each measurement. The EC is affected by pressure and volume of 
samples, therefore a range of pressures (from 21 kPa to 305 kPa) were 
applied and the height of particle bed were measured accordingly, the σ 
was calculated as the average of 6 repetitions at each pressure value. 

2.3. Preparation of coating samples 

To prepare the coating base, 9.07 g bisphenol-A derived epoxy resin 
(KUKDO chemical co., Ltd., Korea), 0.58 g epoxy diluent (Olin corpo-
ration, USA), 1.76 g n-butanol (Purity >99.8%, BASF, Germany), 7.55 g 
xylene (Purity >80%, Solvadis GmbH, Germany) and 0.05 g 
polysiloxane-based defoamer (CLiQ SwissTech AG, Switzerland) were 
mixed by an ultrasonic processor (Hielscher-UP200St, Germany) at 20 
W for 2 min until the solution was homogeneous. Then, 1.05 g of tet-
raalkyl ammonium bentonite (Zhejiang Fenghong New Material Co., 
Ltd., China) was added and dispersed at 30 to 40 W for 2 min. Next, 70.9 
g of zinc powder (average size 6– 10 μm, Umicore zinc chemicals, 
Belgium) in a mixture with BCN or CB was added into the suspension 
three times separately with 5 min of dispersion (40 W) at each interval. 
Subsequently, 0.05 g of dispersing agent (BYK Chemical, Germany) was 
added to the mixture and another 5 min dispersion (70 kHz) was con-
ducted to make pigments uniformly suspended. The dispersion process 
was protected by water bath, and liquid temperature was kept lower 
than 50 ◦C. 

Once the produced coating base cooled down to ambient tempera-
ture, to obtain the stoichiometric ratio of the system, 11.0 g of curing 
agent (Evonik GmbH, Germany) together with 30.0 g base were mixed 

and vacuumed. Finally, steel panels S235 JR (150 mm × 75 mm × 3.5 
mm) were degreased and dedusted by pressure before paint application. 
The applied coating panels were left at ambient temperature for 7 days 
until fully cured, and their dry film thickness (DFT) was measured to be 
100 μm ± 5 μm. Rear side and edges of samples were sealed by a 
commercial epoxy paint (Hempel A/S, Denmark) with DFT approxi-
mately 150 μm to avoid corrosion of unprotected parts during exposure 
tests. Samples coated by ZRP without carbon addition were set as the 
blank reference. Formulation designations and pigment contents in the 
dry film are presented in Table 1. The acronyms SP and ST in this paper 
refer to the spruce wood biochar nanoparticles and straw biochar 
nanoparticles respectively. 

Samples made with each formulation were divided into two groups, 
one for immersion exposure and another for salt spray exposure. Three 
parallel panels were prepared for immersion test. For the latter group, 
artificial scribes (50 mm × 2 mm) according to ISO 12944-9 Appendix-A 
were made by a CNC (Computer Numeric Controlled) miller, 6 parallel 
scribes for each formulation have been prepared. 

2.4. Evaluation of coating performance 

2.4.1. Salt spray exposure and corrosion quantification 
The coated samples were exposed for up to 600 h in a salt spray 

chamber (VLM GmbH, Germany). The test conditions were set according 
to ISO 9227, with the concentration of NaCl at 5 wt%, pH at 6.5–7.2 and 
the constant cabinet temperature at 35 ◦C. 

After the salt spray exposure, scanning acoustic microscopy (SAM) 
and morphology tests were employed for quantifying the degradation 
both inside and under the coating layer. The scanning acoustic micro-
scopy is an equipment which can focus high frequency ultrasound on 
one spot and image the in-depth information of an object by surface 
scan. SAM is commonly used in the semiconductor and packaging in-
dustry as a nondestructive technique for failure detection, its application 
in coating degradation investigation has also been reported [43–46]. 

The core element of SAM is a transducer, in which the high- 
frequency ultrasound is generated and emitted to the sample via the 
coupling agent, normally deionized water, to reduce the attenuation of 
soundwaves. By adjusting the distance between transducer and the 
specimen, the area of interest can be set on a focal plane, of which the 
morphology and material composition will be interpreted to different 
grey scales on the image due to sound absorbing, scattering or reflecting 
at a certain interface. The amplitude of the reflected fraction is deter-
mined by the acoustic reflection coefficient R: 

R = (Z2 − Z1)/(Z1 +Z2) (2) 

Here Z is the acoustic impedance of the material, which can be 
described as the product of density and the sound velocity in the ma-
terial. Large differences of acoustic impedance result in strong contrast 
of greyscale on the image, for instance, in presence of delamination or 
blisters at the interface. In this study, the PVA TePla 300 HD2 with a 100 
MHz transducer was used, and a 7.5 mm × 4.0 mm rectangular region 
around the artificial scribe was the scanning target. The data gate was 
set at the coating/substrate interface, aiming at quantifying the area of 
early-stage coating degradation as a supplementary parameter for 
ranking the performance of coatings. 

Rust accumulation is a simple and direct parameter to evaluate the 
anticorrosive performance of coatings. Morphology features of samples 

Table 1 
Characteristics of coating formulations in the dry film.  

Formulations Zinc (% by weight) BCN/CB (% by weight) 

ZRP  80.0  0.0 
CB0.4, SP0.4, ST0.4  80.0  0.4 
CB0.8, SP0.8, ST0.8  80.0  0.8 
CB1.6, SP1.6, ST1.6  80.0  1.6  
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after 600 h salt spray exposure were recorded by the 3D-profilomter 
(Keyence-VR3000, Japan). Furthermore, 11 assisting lines (with 4 
pixels distance between each) were added on the image to evaluate the 
roughness of artificial scribed area. 

2.4.2. Immersion and electrochemical tests 
A group of coated samples were immersed in 3.5 wt% NaCl solution 

at 20 ◦C for 35 days, the electrochemical impedance spectroscopy (EIS) 
was tested. All electrochemical tests were conducted using the electro-
chemical working station Reference 600+ (Gamry instruments, USA) 
with a three-electrode system, using coated samples as working elec-
trode, a graphite rod as counter electrode and a saturated calomel 
electrode (SCE) as reference electrode. For each sample, the total tested 
area of 10 cm2 was confined by a O-shaped ring and a glass tube, inside 
which 3.5 wt% of NaCl solution was used as electrolyte. The frequency 
value was spaced logarithmically 10 points per decade, ranging from 10 
mHz to 100 kHz. All the tests were carried out inside a Faraday cage at 
room temperature. Two replicates samples were exposed and tested at 
the same conditions for each formulation. 

Subsequently, EIS data was fitted and analyzed by the software 
Gamry Echem Analyst, where three equivalent circuit models were 
proposed and the water uptake of coatings was calculated using the EIS 
results as well. 

2.4.3. Characterization of corrosion products 
The cross-section morphology of the coated samples after 600 h salt 

spray exposure were investigated by SEM analysis (Thermofisher Prisma 
E, Denmark). Before the scanning, the cut cross-sectional samples were 
polished then immediately washed and dried under N2 flow. Later, a 5 
nm layer of silver was sputtered on the cross-section for better electron 
conductivity. 

The chemical composition of coating layers was analyzed by XPS 
(ESCALAB 250Xi, Thermo scientific, USA.). The powdered specimen was 
prepared by scratching the coating from 8 random points on the panel, 
then well mixed and grinded in a porcelain mortar, finally sealed by 
alumina foil right after grinding. 

3. Results and discussion 

3.1. Characterization of biochars 

3.1.1. Ball milling results 
The pulverized biochar obtained from the milling process was mixed 

in MilliQ water and the suspensions were sonicated at 65 kHz for 10 min 
before measuring the particle size. Fig. 2 shows the change of particle 
size against ball milling time. D10, D50 and D90 are the particle size at 

10%, 50% and 90% of the number-based distribution respectively. 
For straw char, it took around 8 h for D50 to reach 354 nm, then 

aggregation started taking place as D90 rose up again. For wood char, 
the particles started to aggregate much earlier and the D90 drastically 
increased after 1 h of milling. Therefore, considering both the energy 
consumption and the yield of nanosized particles, the optimal ball 
milling time for straw char and wood char is 8 h and 0.5 h, respectively. 

The average size of nanoparticles SP and ST being added to the 
coating formulations was 450 nm and 320 nm respectively. The primary 
particle of CB was spherical with particle size of 95 nm, while the 
measured median particle size was ca. 810 nm, as a result of its 
agglomerating nature. Nevertheless, it is acceptable as CB is still 
significantly smaller than the zinc particles (6– 10 μm). 

3.1.2. Elemental analysis 
The elemental composition (C%, H%, N%) of SP, ST and CB were 

reported in Table 2. The ash content was determined by heating the 
sample at 550 ◦C for 2 h in a muffle oven. The carbon content of SP is 
much higher than ST, while the high ash content of ST could be attrib-
uted to both the feedstock properties and the LT-CFB, where the fluid-
ized bed material (quartz sand) has the chance to be separated by the 
cyclone together with straw char. 

3.1.3. BET surface area analysis 
The specific surface area of three carbonaceous samples is reported 

in Table 3. 
The BET surface area of SP is significantly higher than CB and ST, 

which can be ascribed to both the feedstock properties and the gasifi-
cation process. Specifically, in the TwoStage downdraft gasifier, the 
dried and pyrolyzed spruce wood chips went through a high tempera-
ture zone (ca. 1100 ◦C) where tar was partially oxidized. Subsequently, 
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Fig. 2. Number-based size distribution of BCN against ball milling time, (left) straw char, (right) wood char.  

Table 2 
Elemental analysis of SP, ST and CB.  

Sample N (wt%) C (wt%) H (wt%) O (wt%) Ash (wt%) 

SP  0.0  77.6  2.0  15.0  5.4 
ST  0.8  39.7  1.4  23.5  34.6 
CB  0.0  96.5  0.0  2.9  0.6  

Table 3 
BET surface area of SP, ST and CB.  

Material SP ST CB 

Surface area (m2/g) 847.8 62.8 29.0  
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the gasification of char took place in the fixed bed reactor at around 
800 ◦C in the presence of steam [47]. This process is similar to a physical 
activation used in the industrial production of active carbon [48,49] and 
tends to generate biochar with high BET surface area [50]. 

3.1.4. Morphology analysis 
As illustrated in Fig. 3, both ST and SP exhibited amorphous shapes, 

and tended to exist in the form of agglomerates. SP agglomerates 
appeared to have a more ragged outline in comparison with ST, probably 
due to differences in the original feedstock and in the thermal treatment 
conditions. 

3.1.5. Electrical conductivity analysis 
EC is an important parameter for evaluating the efficiency of electron 

transfer between zinc and conductive pigments. As presented in Fig. 4, 
the conductivity of the three types of nanoparticles increase linearly 
against the compression pressure. At 304 kPa, the electrical conductivity 
of CB was 74.6 S/m, while SP and ST were 7.46 and 0.039 S/m 
respectively, at the same magnitude compared with other related anal-
ysis [32]. 

For carbonaceous materials, the electrical conductivity is dependent 
on intrinsic factors including carbon content [42], the degree of 
graphitization [51], minerals content and the porosity of the carbon 
structure [52]. Moreover, the pressure being applied on the sample also 
plays a role. The evolution patterns shown here could be attributed to 
pressure induced rearrangement of particles and their coordination 
number. When less pressure is applied, mainly bulk voids are compacted 
and a condensed bed of grains ensures electrical contact. As the pressure 
increases, shape of individual particles and their pore distribution may 
have more impact as the constriction resistance is greatly influenced 
[53]. The reduced electrical conductivity of BCN in comparison with CB 

can be attributed to their lower carbon content, more disordered 
structure, the increased constriction resistance and high ash content, 
specifically in the case of ST. However, the individual BCN may still 
exhibit fast electron transfer pathways through the carbon matrices, 
especially for the pyrogenic carbon produced at high pyrolysis temper-
ature, as in the case of wood char [54]. 

3.2. Anticorrosive performance evaluations 

3.2.1. Electrochemical impedance spectroscopy (EIS) 
EIS measurements were conducted to investigate the protection 

mechanism of ZRP containing BCN when immersed in a 3.5 wt% NaCl 
solution. Various interpretations of impedance plots are available, but 
only useful parameters and features are considered here. 

The impedance modulus at 0.01 Hz (|Z|0.01Hz) has been recognized as 
a parameter to evaluate the barrier property of the coating regardless of 
the individual mechanisms in each formulation [55]. Its evolution is 
shown in Fig. 5. Within 24 h of immersion, the |Z|0.01Hz for all samples 
dropped to 105 (Ω cm2) due to the establishment of conductive paths – 
mainly electrolyte penetration and zinc dissolution. All samples reached 
their minimum |Z|0.01Hz after approximately 5 days of immersion. 
Especially for CB0.4 and CB0.8, which exhibited a lower value around 6 
× 103 (Ω cm2), only metal interface and good conductors usually 
observe such an impedance [3]. For formulations containing ST, their 
minimum |Z|0.01Hz was higher than others probably due to the large 
amount of nonconductive alkali and alkaline earth metal oxides and 
hydroxides. 

After approximately 5 days of immersion, the |Z|0.01Hz trends devi-
ated. For the ZRP, it was stable around 1.6 × 104 (Ω cm2) even when 
barrier protection took over. However, samples containing SP exhibited 
an evident impedance rise, which can be attributed to the accumulation 

Fig. 3. Transmission electron microscopy images of (A) ST (B) SP.  
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of zinc corrosion products. The same trend was also found for CB0.4 and 
CB0.8. In addition, ST 1.6 showed a relatively higher impedance level as 
well, suggesting that the barrier property of coatings could be improved 
at this dosage. 

The impedance spectra in Nyquist format were displayed at a 
distinctive immersion time where their characteristic features appeared, 
examples are shown in Figs. 6 to 9. In general, all the spectra look 
depressed due to the porous nature of ZRP system [56]. Two time con-
stants could be recognized from all the formulations, where the one 
located at high frequency zone represents reactions in the coating film, 
and the other semicircle in the low frequency zone indicates reactions at 
coating/metal interface. In the initial stages of immersion, the diameter 

of the semicircles shrinks rapidly reflecting the wetting of zinc powder, 
which is in accordance with the escalating water uptake as discussed in 
next section. A characteristic diffusion impedance could be noticed from 
the spectra, especially for formulations containing SP and CB, indicating 
that mass transfer is the limiting step at this stage. It is possible to 
observe a depressed semicircle between 24 h to 48 h of immersion for 
samples containing SP, especially at higher dosage, as a result of 
decreased electroactive area due to rapid accumulation of zinc corrosion 
products. With longer exposure time, larger diffusion impedance was 
noticed for samples with higher dosage of ST, suggesting that the barrier 
effects might be enhanced as ST decelerates the migration of water and 
aggressive ions by forcing their transport through more tortuous 
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Fig. 5. Evolution of coating impedance at 0.01 Hz as a function of the immersion time.  
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passages. 
Considering the protection mechanism of ZRP, three equivalent cir-

cuit models shown in Fig. 10 were used to fit the EIS data at different 
immersion time. The elements are explained as follows. 

Rs is the solution resistance; Rp represents coating resistance or po-
larization resistance, mainly reflecting barrier property of the coating 
film. CPEc is the coating capacitance, which is described by a constant 
phase element (CPE) considering dispersion of the pigments. The 
impedance of CPE is described as: 

Z = Y − 1
0 (jω)

n (3) 

Here Y0 is the admittance function, ω is the angular function, n (0 <
n ≤ 1) is a coefficient describing the capacitance property of the 
element; Rct refers to charge transfer resistance, which is related to 
Faradic reactions at coating/steel interface – either zinc dissolving at 
early stage or rust formation at later stage. CPEdl represents the double 
layer capacitance of the metal being exposed to electrolyte. According to 
Abreu et al. [57], this capacitance might originally exist at the interface 

due to the native oxide on zinc particles; W is Warburg impedance, 
describing the diffusion controlled process at the corroding interface 
[58]. 

Model A characterizes the initial stage of exposure where an intact 
coating has not been fully wetted; Model B describes the intermediate 
stage of immersion where water and corrosive ions have infiltrated 
down to steel substrate where zinc is actively functioning and corrosion 
products start accumulating simultaneously; Model C relates to the 
subsequent long-term barrier protection, and diffusion impedance has to 
be considered as a matter of significant pore sealing by corroding 
products at the interface. The fitting results of equivalent circuit pa-
rameters are shown in Tables 4 and 5. 

Because of the limited electrical conductivity, the polarization 
resistance (Rp) values of ST formulations were higher than ZRP after 
120 h of immersion, suggesting a weakened galvanic protection at this 
stage. After 576 h of immersion, Rp of ST1.6 was exceptionally higher 
than other formulations, indicating more tortuous pathways were 
created for the migration of aggressive substances. For ST0.4 and ST0.8, 
the Rp values were lower than ZRP, showing that neither galvanic nor 
barrier properties can be improved at these dosages of ST. The higher Rp 
results of SP than ZRP suggest that barrier protection property of the 
coating was enhanced by the addition of SP. 

If comparing EIS data at 576 h by the type of carbon pigment, it could 
be noticed that the Warburg impedance of formulations with CB and ST 
addition were much lower than blank ZRP, which means the rate- 
limiting step of electrochemical reactions at the interface was not 
diffusion of species but charge transfer processes. Their increased Rct 
values can also prove this point. A notably large Warburg impedance 
was detected on SP0.8, probably as the result of a large accumulation of 
zinc oxides at the interface. Besides, the large specific area of SP might 
also impede the diffusion efficiency of ions. 

To conclude, the EIS data showed that addition of SP (0.4 wt%, 0.8 
wt% and 1.6 wt%) and ST (1.6 wt%) could probably impart positive 
effects on anticorrosive properties and there was no obvious improve-
ment of the coating anticorrosive performance with lower dosages (0.4 
wt% and 0.8 wt%) of ST. 

3.2.2. Water uptake 
Considering the water penetration will accelerate the disbonding and 

cathodic reaction, water uptake is thereby taken as a key parameter 
characterizing the durability of organic coatings [59,60]. The volume 
percentage of water being absorbed in coatings Xv(%) is normally 
calculated based on EIS data, according to the Brasher and Kingsbury's 
equation [61] shown in Eq. (4): 

Xv(%) =

log
(

Qc(t)
Qc(0)

)

logεW
(4) 

Table 4 
Fitted values of equivalent electrical circuit elements for ZRP and samples 
containing CB, Yc and n1 are elements for CPEc, Ydl and n2 are elements for CPEdl.  

Time Element Unit ZRP CB0.4 CB0.8 CB1.6 

0.5 h Rp Ω ⋅ cm2 1.79E+08 1.78E+06 5.98E+05 1.36E+07 
Yc Ω− 1 ⋅ 

cm− 2 ⋅ 
sn 

8.79E− 09 3.17E− 08 3.82E− 08 2.05E− 08 

n1  8.85E− 01 8.08E− 01 8.09E− 01 8.46E− 01 
120 

h 
Rp Ω ⋅ cm2 1.21E+03 8.72E+02 1.20E+03 5.00E+02 
Yc Ω− 1 ⋅ 

cm− 2 ⋅ 
sn 

1.29E− 06 5.41E− 07 8.70E− 07 3.22E− 07 

n1  6.42E− 01 7.21E− 01 6.93E− 01 2.57E− 01 
Rct Ω ⋅ cm2 3.10E+04 1.90E+06 3.67E+04 4.20E+04 
Ydl Ω− 1 ⋅ 

cm− 2 ⋅ 
sn 

5.96E− 05 3.00E− 04 1.50E− 04 2.81E− 05 

n2  4.42E− 01 1.12E− 01 7.01E− 02 2.57E− 01 
576 

h 
Rp Ω ⋅ cm2 1.10E+03 1.13E+03 1.19E+03 2.13E+03 
Yc Ω− 1 ⋅ 

cm− 2 ⋅ 
sn 

9.77E− 07 3.00E− 07 4.12E− 07 5.07E− 07 

n1  6.69E− 01 7.33E− 01 7.15E− 01 7.27E− 01 
Rct Ω ⋅ cm2 2.77E+04 3.22E+04 7.37E+04 9.48E+04 
Ydl Ω− 1 ⋅ 

cm− 2 ⋅ 
sn 

6.69E− 05 7.79E− 06 2.13E− 05 5.71E− 05 

n2  3.76E− 01 2.54E− 01 1.62E− 01 2.24E− 01 
W S ⋅ 

cm− 2 ⋅ 
s0.5 

1.34E+01 6.31E− 05 4.36E− 04 1.44E− 04  

Table 5 
Fitted values of equivalent electrical circuit elements for ZRP and samples containing SP and ST.  

Time Element Unit SP0.4 SP0.8 SP1.6 ST0.4 ST0.8 ST1.6 

0.5 h Rp Ω ⋅ cm2 9.81E+06 3.16E+06 6.85E+05 1.62E+06 2.58E+07 6.38E+06 
Yc Ω− 1 ⋅ cm− 2 ⋅ sn 2.12E− 08 1.76E− 08 4.45E− 08 1.39E− 08 1.13E− 08 2.13E− 08 
n1  8.16E− 01 8.56E− 01 7.85E− 01 8.52E− 01 8.72E− 01 8.38E− 01 

120 h Rp Ω ⋅ cm2 3.14E+03 1.05E+03 2.27E+03 3.19E+03 1.10E+04 3.19E+03 
Yc Ω− 1 ⋅ cm− 2 ⋅ sn 1.39E− 06 6.06E− 07 1.93E− 06 2.96E− 07 4.00E− 07 2.34E− 07 
n1  6.25E− 01 6.86E− 01 6.36E− 01 7.22E− 01 6.98E− 01 7.34E− 01 
Rct Ω ⋅ cm2 1.54E+04 3.73E+04 1.58E+04 3.24E+04 7.29E+04 1.33E+05 
Ydl Ω− 1 ⋅ cm− 2 ⋅ sn 5.84E− 05 4.04E− 05 4.90E− 05 2.19E− 05 1.34E− 05 3.00E− 05 
n2  3.50E− 01 2.65E− 01 2.77E− 01 3.50E− 01 3.38E− 01 1.78E− 01 

576 h Rp Ω ⋅ cm2 2.08E+03 1.88E+03 2.98E+03 2.22E+02 6.10E+02 8.31E+03 
Yc Ω− 1 ⋅ cm− 2 ⋅ sn 4.16E− 07 2.91E− 07 4.69E− 06 2.09E− 07 1.59E− 07 4.09E− 07 
n1  7.11E− 01 7.35E− 01 5.48E− 01 7.48E− 01 7.56E− 01 7.08E− 01 
Rct Ω ⋅ cm2 7.25E+04 1.01E+05 6.79E+03 2.33E+05 2.07E+05 2.51E+05 
Ydl Ω− 1 ⋅ cm− 2 ⋅ sn 4.68E− 05 4.16E− 05 9.86E− 05 3.69E− 05 2.34E− 05 3.10E− 05 
n2  2.44E− 01 2.14E− 01 3.88E− 01 1.84E− 01 1.87E− 01 2.35E− 01 
W S ⋅ cm− 2 ⋅ s0.5 3.05E+00 1.39E+02 3.25E+01 4.39E− 02 3.40E− 03 9.90E− 03  
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Here Qc(t) is the measured capacitance at any time, Qc(0) is the 
measured capacitance before immersion exposure and εW is the water 
permittivity (80.2 at 20 ◦C). The impedance data from EIS were fitted by 
a single time constant model R(RC) to obtain Qc. 

As is seen in Fig. 11, the water penetration developed rapidly for the 

first 100 h of immersion, which was not unexpected because the heavy 
loading of zinc particles leads to film volume shrinkage after curing, 
creating pores and pathways for electrolyte penetration. The water up-
take rate was alleviated by increasing the ST addition, which was 
opposite to the case of CB addition. As for SP formulation, only SP0.8 
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Fig. 11. Evolution of water uptake for all formulations during 32 days of immersion.  

Fig. 12. Typical signal window and gate setting of C-scan from acoustic microscopy.  
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showed reduced water absorption compared to the blank reference, 
possibly as a result of the porous nature of wood char. In addition, it was 
reported that biochar hydrophobicity decreased with increasing pyrol-
ysis temperature [62], which may explain why ST formulations per-
formed better than SP formulations in this part. 

3.2.3. SAM characterization 
Based on the amplitude of the acoustic wave, data gate was chosen as 

seen from Fig. 12. The strong wave inversion between 12,700 ns to 
12,750 ns is the reflection from water/coating interface, and the second 
inversion around 12,900 ns is interpreted as the coating/metal interface. 
It is possible to observe that the wave inversion amplitude of the latter 
interface is not as strong as the first one, which is ascribed to the char-
acteristics of zinc-rich paint. Indeed, the heavy loading of zinc metal 
particles narrows the acoustic impedance difference between the 
coating film and the metal substrate. 

From the C-scan images, early-stage degradation under the coating 
(darker zone) can be recognized. To measure the extent of this area, the 
software ImageJ was used to capture a boundary between distinct 
greyscales and an example is shown in Fig. 13. The degraded area on 
coated panels of each formulation is compared in Fig. 14. Generally, the 

addition of CB reduced the degradation rate at the coating/metal 
interface compared to ZRP, and lower dosage of CB seems to be more 
effective than at higher dosages, the degraded area on CB0.4 was 34.0% 
less than ZRP. However, the opposite trend was observed for SP for-
mulations, noticeably, SP0.8 and SP1.6 exhibited mitigated degradation 
area, which were 29.8% and 35.3% less than ZRP, respectively. It is 
suspected that an increased amount of deposited corrosion products 
induced by ash components in the biochar might play a vital role for the 
coating performance in the long run, though the cathodic protection 
facilitated by BCN is not significant compared to CB. Therefore, the re-
sults indicated the possibility of achieving the same anticorrosion per-
formance by replacing CB with a higher quantity of SP. 

3.2.4. Profilometry characterization 
Taking the height of the bare steel before exposure as a baseline, the 

rust profile at this region after 600 h of salt spray exposure was char-
acterized, as exemplified in Fig. 15. The red region in the scribe indicates 
the formation of rust, while the red circles surrounding the scribe are the 
blisters. The average height of the rust accumulation in this region for all 
formulations was collected in Fig. 16. Compared to the ZRP, CB0.4, 
CB0.8, ST1.6 and SP 0.8 showed reduced rust accumulation. Notable 
performance was observed on SP0.8 that its average height of rust was 
27.8% less than ZRP. Considering results from both the extent of coating 
degradation and rust accumulation, CB0.4, SP0.8 and ST1.6 have 

Fig. 13. C-scan image of the ZRP after 600 h salt spray exposure, the degraded 
region was captured by yellow line. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 14. SAM scanning of degraded area on the coating/substrate interface 
after 600 h of salt spray exposure. 
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Fig. 15. Morphology images of artificial scribe surrounding area and the rust 
accumulation profile after 600 h of salt spray test, based on VR-3000 G2 
analyzing software. 
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Fig. 16. Average height of artificial scribed area for samples being exposed to 
salt spray test for 600 h. 
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positive effects on improving the coating performance. 

3.3. Corrosion products characterizations 

3.3.1. Cross-section morphology 
As shown in Figs. 17 and 18, after 600 h of salt spray exposure, a 

large quantity of zinc had been covered by a grey shell consisting of a 
mixture of corrosion products ZnCO3 and Zn5(OH)8Cl2 [63,64]. For 
SP0.8, a significant volume of zinc corrosion products had nearly 
covered the coating/metal interface which probably provided a long- 
term barrier protection. 

The crystal of zinc corrosion products was observed when using 
higher magnification at a local area (highlighted by the yellow box). For 
SP samples (see Fig. 17), abundant clusters of wurtzite structured zinc 
oxides crystal were observed at the pores that left by polished zinc 
particles during the SEM cross-section preparation. For ST samples, 
tetrapod-like simonkolleite was observed after salt spray exposure, the 
amount of which has shown a positive correlation with the ST dosage. 

3.3.2. Coating surface morphology 
The elemental and chemical composition of the coating layer after 

immersion exposure was investigated by XPS. The survey spectra in-
dicates the presence of Zn, O, C and Cl in all the formulations (see 
Fig. 19). Furthermore, the high-resolution spectra of Zn 2p2/3, O 1s, Cl 
2p and C 1s were fitted by Gaussian - Lorentzian functions to determine 
their chemical state and quantify the chemical composition. An example 
for SP0.4 was shown in Fig. 20. 

Three types of zinc corrosion species were determined from all for-
mulations. Taking ZRP for example, in Zn 2p2/3 core level, the peaks at 

1021.76 eV, 1022.67 eV and 1023.53 eV were assigned to zinc car-
bonate (ZnCO3), simonkolleite (Zn5(OH)8Cl2) and Zinc chloride (ZnCl2) 
respectively. The peak at 1020.86 eV belonged to metallic zinc [65], 
reflecting the unused zinc during the service life. Two peaks at 198.4 eV 
and 200 eV were noticed from the spectra of Cl 2p as the chloride ions 
penetrate into the coating and form corrosion products. The CO3

2− bond 

Fig. 17. SEM images of cross-section from formulation SP0.8 after 600 h salt 
spray exposure. (For interpretation of the references to colour in this figure, the 
reader is referred to the web version of this article.) 

Fig. 18. SEM images of cross-section from formulation ST1.6 after 600 h salt 
spray exposure. 
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Fig. 19. XPS spectra of ZRP, CB0.4, ST0.4 and SP0.4 after 35 days immersion in 
3.5 wt% NaCl solution. 
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and OH− bond were accordingly detected at 531 eV and 530 eV from O 
1s spectra as well. Herein, the reactions [52] related to zinc dissolution 
are described in Eqs. (5)–(7): 

Zn+ 2OH− →Zn(OH)2 + 2e− (5)  

4Zn(OH)2 + ZnCl2→Zn5(OH)8Cl2 (6)  

Zn(OH)2 +CO2→ZnCO3 +H2O (7) 

To compare the zinc utilization efficiency, the atomic composition of 
different samples after 35 days of immersion (see Fig. 21) was calculated 
based on the high-resolution spectra. The ZRP had the highest per-
centage of metallic zinc, meaning that a large quantity of zinc powder 
was not functioning through their service life. The addition of BCN 
effectively reduced the metal zinc content, which is probably related to 
the BCN surface properties. Specifically, some alkali and alkaline earth 
metal such as K+, Ca2+ and Ma2+ were bonded to the biochar in the form 
of C – O - Met+ or C – O – Met2+- O – C (Met+ represents K+ and 
Met2+represents Ca2+ and Mg2+) during pyrolysis [66]. However, those 
species are not stable and would easily be oxidized to metal oxides and 
further become metal hydroxides in the presence of water. It was re-
ported that the local pH of biochar derived from wood and wheat straw 
was around 9.6– 9.7 [67], this alkaline environment could booster the 
dissolution of zinc. Moreover, higher pyrolysis temperature will result in 

increased amounts of OH− and CO3
2− on the biochar surface [68], the 

diffused Zn2+ would easily react with those groups to form Zn(OH)2 and 
ZnCO3, accelerating the accumulation of corrosion products. 

The insoluble corrosion products Zn5(OH)8Cl2 is able to provide 
protection against aggressive chlorides as reported in former studies 
[64] and the content of Zn5(OH)8Cl2 in the coatings is normally used to 
indicate the corrosion rate and penetration of Cl− [69]. Among all the 
formulations, the ZRP had the lowest Zn5(OH)8Cl2 content, which cor-
relates well with the conclusions from EIS analysis, that its insufficient 
pore sealing leads to a poor barrier protection. The significant amount of 
Zn5(OH)8Cl2 detected in the formulation SP0.8 suggested the highest 
oxidation rate of zinc particles and the lowest penetration rate of Cl− , 
which might enhance the anticorrosive properties in the long run. 
Therefore, apart from the porosity and electrical conductivity of BCN, 
the ash composition may also greatly affect the coating properties, 
deserving further investigations in the future study. 

3.4. Mechanism discussion 

For the traditional ZRPs, zinc powders can be poorly connected and 
aggressive chloride ions and water molecules can easily migrate down to 
the steel substrate bypassing the zinc particles. The addition of irregu-
larly shaped BCN created multiple contact points between neighboring 
zinc, generating additional electron transfer pathways for sacrificial 
protections (SP nanoparticles especially). Besides, with the existence of 
electrolyte, a galvanic cell was established where the rest zinc play as 
anode and neighboring carbon as cathode material, that zinc will further 
be oxidized and provide inhibitive effects. Moreover, the alkaline 
environment provided by the ash components and the functional groups 
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Fig. 20. XPS high resolution spectra of (a) Zn 2p3/2, (b) Cl 2p, (c) O 1s for sample SP0.4.  
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Fig. 22. A mechanism sketch of SP added ZRP formulation.  

Z. Li et al.                                                                                                                                                                                                                                        



Progress in Organic Coatings 158 (2021) 106351

13

(mainly OH− and CO3
2− ) on the biochar accelerated the zinc dissolution 

and formation of corrosion products, which enhanced the barrier 
property of ZRP. 

The porous structure of SP might have intercepted some water 
molecules and chloride ions inside, mitigating their attacks to the steel 
substrate, as seen from Fig. 22. Due to the limited electrical conductiv-
ity, ST addition did not improve the cathodic protection of ZRP, but 
simply acted as a barrier which reduced the water uptake when being 
added at higher dosages. 

4. Conclusions 

Nanosized biochar particles derived from gasification of spruce wood 
and wheat straw were manufactured and incorporated in ZRP coatings 
at different dosages (0.4 wt%, 0.8 wt% and 1.6 wt%) to improve the 
utilization efficiency of zinc as well as the anticorrosion properties. 
Based on the EIS results, SP 0.8 and ST1.6 showed enhanced barrier 
protection, which was confirmed by SEM scanning of the cross-sections. 
The SAM and 3D-profilometry results indicated that the anticorrosive 
performance of formulations with wood-derived BCN and commercial 
carbon black were comparable, and exceptional anticorrosive properties 
were observed on SP0.8, where the degraded area and rust accumulation 
around the artificial scribe were 29.8% and 27.8% lower than ZRP, 
respectively. Investigation of the corrosion products revealed that BCN 
addition improved the zinc utilization rate attributed to the alkaline 
environment created by the ash components and the functional groups 
on the biochar surface. The results obtained in this work provide an 
alternative way to improve the anticorrosive properties of ZRP coatings 
by making use of the process residue from the gasification of biomass. 
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