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ride-induced corrosion, is a major concern in 
various industries, such as construction, agro
-processing, oil and gas, to mention, but a 
few. 
 
Chloride-induced corrosion of  mild steel in 
sodium chloride media occurs due to the 

ABSTRACT 
Chloride-induced corrosion of mild steel is a major challenge in construction, automobile, agro-
processing, oil and gas industries. When chloride ions come in contact with mild steel surfaces, they 
penetrate the oxide layer and react with the metal, leading to the formation of corrosion products such 
as iron chloride that accelerates its degradation and consequent failure in service. Structurally en-
hanced metallic oxides and biopolymers have been reported to hinder the penetration and progression 
of these ions to the base metals, when deposited on them. This study's objective was to use electro-
deposition to apply zinc oxide-cellulose (xZnO-xCn) nanoparticle coatings to mild steel (the substrate) 
in order to increase corrosion resistance in sodium chloride media. Weight loss technique was used to 
determine the corrosion rates of the deposited coatings (samples). Optical and scanning electron mi-
croscopy was used to determine the samples' morphology. The corrosion rate values of all the coat-
ings were observed lower than the substrate's, which was 5.0025 mm/y.  With the lowest corrosion 
rate value of 0.3127 mm/y, sample P8 (20gZnO-20gCn) demonstrated a 93% coating protection effi-
ciency on the substrate. Sample P1 (20gZnO-5gCn) had the highest corrosion rate of 1.8954 mm/y 
and the highest protection efficiency of 62% among the coatings.  The surface of the substrates 
showed fine, uniformly distributed grains according to the coating morphologies. The study demon-
strated that in the sodium chloride media, ZnO-cellulose nanoparticle coatings could create protective 
barriers on the substrate. 
 
Keywords: Chloride, deposition, particles, substrates, corrosion 

J. Nat. Sci. Engr. & Tech. 2024, 23(2): 11-22 11 

Journal of  Natural  
Science, Engineering 

and Technology  

ISSN: 
Print    -  2277 - 0593 
Online -  2315 - 7461 
© FUNAAB 2024 

INTRODUCTION 
Corrosion is a natural process that occurs 
when metals are exposed to environments 
that promote chemical reactions. In the case 
of  mild steel, the corrosion process is par-
ticularly significant in sodium chloride me-
dia. This form of  corrosion, known as chlo-

 



  

presence of  chloride ions, which have a det-
rimental effect on the protective oxide layer 
of  the steel (El-Sherik, 2016). When chlo-
ride ions come into contact with the mild 
steel surface, they penetrate the oxide layer 
and react with the metal, leading to the for-
mation of  corrosion products such as iron 
chloride. The corrosion process is influ-
enced by various factors, like temperature, 
pH, and concentration of  chloride ions. 
Higher temperatures accelerate the corro-
sion rate, while low pH levels and high 
chloride concentrations increase the aggres-
siveness of  the environment (Patra, 2019). 
The presence of  impurities and other cor-
rosive substances can further enhance the 
corrosion process. 
 
Several studies have been conducted to un-
derstand the mechanisms of  chloride-
induced corrosion of  mild steel in sodium 
chloride media. According to Zhang (2015), 
the corrosion process involves an initial 
stage of  pitting corrosion, where localized 
pits form on the steel surface. These pits 
then propagate, leading to the formation of  
larger corrosion sites. The presence of  chlo-
ride ions accelerates the pit propagation 
rate, resulting in rapid corrosion of  the 
steel. In addition to oxygen, the pH of  the 
sodium chloride media can also impact the 
corrosion rate. Research by Patra (2019) 
noted that reduced pH and high acidic envi-
ronmental conditions increase the aggres-
siveness of  environment housing steel 
products and applications, thus, leading to 
higher corrosion rates. This is attributed to 
the increased availability of  hydrogen ions, 
which enhance the dissolution of  iron and 
the formation of  corrosion products. The 
concentration of  chloride ions in the media 
is another crucial factor affecting the corro-
sion of  mild steel. Higher chloride concen-
trations create a more corrosive environ-

ment, as they increase the likelihood of  chlo-
ride penetration into the oxide layer and sub-
sequent reaction with the metal. Studies by 
El-Sherik, (2016) have demonstrated a direct 
correlation between chloride concentration 
and corrosion rate. Hence, corrosion / mate-
rial engineers, continually seek to develop 
new techniques to improve the structural 
integrities of  mild steel in domestic , indus-
trial, automobile, marine and agro-allied pro-
cessing applications, in chloride, alkaline or 
acidic media (Fayomi et al. 2021b; Anyanwu 
et al., 2021b).  
 
Several methods like heat treatment, elecro-
deposition coatings, cathodic protection etc. 
have been developed to improve the corro-
sion resistance properties of  mild steel 
(Popoola and Fayomi, 2012; Anyanwu et al., 
2021a; Anyanwu et al., 2021b). Although, 
some of  these methods have provided im-
provements and enhancement in the overall 
properties, they are not cost effective; partic-
ularly as they require equipment with very 
high precision and further processing steps 
to produce high-grade steel components 
(Fayomi et al., 2017).   
 
The use of  electro-deposition coatings in 
corrosion prevention is a relatively modern 
technology that involves less complex equip-
ment. The method can prevent structural 
damage, while improving the corrosion re-
sistance properties of  mild steel, thus ex-
tending the materials life span, (Anyanwu 
etal, 2023; Odetola etal, 2016; Popoola and 
2012). One electrochemical method used to 
alter surface structure is electro-deposition. 
It is regarded as a simple and affordable sur-
face modification method for applying syn-
thetic and organic coatings to metallic sur-
faces. An extensive variation of  coating 
properties can be attained by selecting differ-
ent parameters in electro-deposition 
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(Praveeen and Venkatesh 2011). In a typical 
electro-deposition process, monolayer or 
multilayer (binary, ternary or quaternary) 
coatings are formed because of  the electro-
chemical reactions occurring at the elec-
trode/electrolyte interface and ions deposi-
tion from the electroplating bath. The coat-
ings are deposited on the material 
(substrate) to improve the corrosion re-
sistance properties, tribological properties, 
lubrication properties, electrical conduct-
ance properties, thermal resistance proper-
ties and magnetic properties etc. Metals, 
ceramics, polymers, cellulose, metal oxides, 
nitrides, etc. have all been reportedly em-
ployed in electro-deposition process 
(Odetola et al., 2016; Anyanwu et al 2021a; 
Anyanwu et al 2022, Anyanwu et al 2023).  
 
Electro-deposition surface modification can 
be done with two current types, the direct 
current (DC) and pulse current (PC). The 
difference between these two methods is 
that, while in the direct current application, 
the current is continuously applied to the 
system, where as in the pulse current, the 
electrical current is alternated between two 
different values (Fayomi et al., 2021a; 
Odetola et al., 2016). Although, the proper-
ties of  the deposited coatings can be ad-
versely affected by the pulsating parameters 
in the electro-deposition process, better ele-
ments dispersion and coating uniformities 
in terms of  throw power and edge coverage 
has been reported with the direct current 
electro-deposition method (Odetola et al., 
2016, Fayomi and Popoola, 2015, Popoola et 
al., 2016).  
 
Metal oxide – biopolymer composite coat-
ings have been used successfully in improv-
ing the surface and structural integrities of  
mild steel in recent times (Fayomi and Po-
poola 2015; Zhang 2015, Anyanwu et al 

2021a, Anyanwu et al 2021b, Anyanwu et al 
2022, Anyanwu et al, 2023). Current re-
searches show that there are growing inter-
ests in the co-deposition of  nanoparticles, 
made from oxides of  metals, metals, cellu-
lose, ceramics, nitrides etc. on metallic sub-
strates, to enhance the mechanical, corrosion 
and thermal properties (Meulendijks et al. 
2017; Anyanwu etal, 2021a). Their inclusion 
offers self-lubrication properties with im-
proved corrosion resistance properties on 
the substrate (mild steel). A good number of  
their nano-particulates are in existence and 
are in great demand for the generation of  
composite coatings on steel and other met-
als. The most abundant biopolymers current-
ly in use are cellulose and they are inexpen-
sive (Chakraborty et al, 2005). They are also 
environmentally friendly and presently, there 
are few researches on their electro-
deposition despite having good potentials. 
Their nano-particles have been co-deposited 
separately on mild steel, silver, Ag and Cop-
per, Cu metals successfully (Anyanwu et al 
2021a; Anyanwu et al 2021b; Meulendijks et 
al. 2017).  
 
Kenaf  (hibiscus cannabinus L.) is a bio-
polymer (nano-cellulose) that grows in nearly 
every kind of  soil and needs little to no pes-
ticides. Nigeria and the majority of  the 
world's countries cultivate it extensively. It is 
highly rich in natural fibers and has excellent 
mechanical properties due to its 90% cellu-
lose content (Anyanwu et al. 2019a; Anyanwu 
et al. 2019b; Jonoobi et al. 2009). It has prov-
en effective in creating metal matrix compo-
sites with exceptional properties (Anyanwu et 
al. 2021a). 

Therefore, the purpose of  this study was to 
use direct current (DC) electro-deposition to 
apply zinc oxide-cellulose nanoparticle coat-
ings (xZnO-xCn) to mild steel (substrates) in 
order to improve corrosion resistance prop-
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erties in sodium chloride media.  

Materials and Methods 
The study adopted methods in line with 
procedures outlined in highly rated journals 
and standard codes, some of  which are 
found in Anyanwu et al. 2021a, Anyanwu et 
al. 2021b, Anyanwu et al. 2022 and An-
yanwu et al. 2023. Mild steel, zinc bars, ke-
naf-derived nanocellulose fibers, zinc oxide 
nanoparticles, zinc chloride, glycine, and 
thiourea are the main substances used.   
 
Bath contents and deposition 
To remove any remaining contaminants 
from the samples and create mirror-like free 
scale flaws, the substrate (mild steel) was 
polished using emery papers up to 500 grits. 
It was thereafter divided into 50 mm x 20 
mm x 2 mm pieces. After being degreased 
with trichloroethylene and rinsed with wa-
ter, the samples were activated for ten sec-
onds using a 10% HCl solution. Distilled 

water and analytical-grade chemicals made 
up the bath's contents. Zinc oxide nanoparti-
cles, ZnO (20 g/L), glycine (10 g/L), thiou-
rea (10 g/L), zinc chloride, ZnCl (100 g/L), 
and nano-cellulose fibers (5 g/L to 20 g/L) 
were all present. Table 1 displays the voltage 
applied and the nanoparticle composition. 
The 99.9% zinc bar served as the anode, and 
the pretreated substrate served as the cath-
ode. The anode-to-cathode distance and im-
mersion depth were maintained at the same 
levels. To mix and enable the dissolution of  
every particle, the bath solution was heated 
and kept at 40 degrees Celsius. A mechanical 
stirrer was then used to continuously stir it 
up to 1000 rpm in order to achieve electro-
lyte uniformity. Set potentials of  0.3 and 
0.5V, a pH of  5.5, different nanoparticle 
concentrations, and a constant current densi-
ty of  2.0 A/cm2 were all used during the 20-
minute deposition process. Following the 
deposition process, the samples were rinsed 
for five seconds in distilled water before be-
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Table 1 Nanoparticulates Composition 

Experiment no. Nanoparticles blend Voltage (V) Sample ID 

1 20gZnO-5gCn 0.3 P1 

2 20gZnO-10gCn 0.3 P2 

3 20gZnO-15gCn 0.3 P3 

4 20gZnO-20gCn 0.3 P4 

5 20gZnO-5gCn 0.5 P5 

6 20gZnO-10gCn 0.5 P6 

7 20gZnO-15gCn 0.5 P7 

8 20gZnO-20gCn 0.5 P8 

Control As received mild steel substrate - C 
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Corrosion rate behaviour of the devel-
oped composite coatings and substrate. 
Using the weight loss technique, the corro-
sion behavior of  the substrate and the cre-
ated composite coatings was examined. 
This was carried out in a 3.5 weight percent 
NaCl medium at room temperature. A 
weighing balance was used to weigh the 1 
cm x 1 cm coupons both before and after 
they were submerged in the corrosion me-
dium for 720, 1440, 2160, and 2880 hours, 

respectively. After that, the coupons were 
taken out, cleaned with acetone and water, 
and dried. The weight differential was meas-
ured and noted. The corrosion rates, protec-

tion efficiencies,  and degree of  sur-

face coverage ( ) of  the samples were then 
determined using equations 1, 2, and 3 
(Anyanwu et al. 2021a and 2023). 

(%)E

q
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Where CR = Corrosion rate (mm/year), 
W= Weight loss (g), ρ = Density of  the 
sample (g/mm3), A = Exposed area (cm2), 

T = Exposure time (hours), = corro-
sion rate when coating was employed and 

= corrosion rate without the coatings 
 
Characterization of the samples 
The samples' microstructures were exam-
ined using an optical microscope that had a 
400X magnification. Following the corro-
sion analysis, this was completed. Addition-
ally, at a 1000X magnification, the surface 
and internal morphologies of  the developed 
coatings and substrate were assessed using a 
TESCAN scanning electron microscope to 
assess grain refinements and uniformity. 
 

CCR

CR

RESULTS AND DISCUSSION 
Corrosion behaviour of the samples 
As the samples' exposure time and concen-
tration of  nanoparticle blends in the media 
increased, it was found that the corrosion 
rate values for every sample decreased 
(Tables 2 and 3). The strength of  the nano-
particle layer covering on the mild steel sur-
face may have something to do with this. 
The layers tend to keep the chloride ions 
from coming into direct contact with the 
substrate's surface, which lessens the likeli-
hood that corrosion products will form 
(Anyanwu et al., 2021a; Anyanwu et al. 2022; 
Anyanwu et al. 2023; Fayomi et al. 2021a). 
Again, as the exposure time increased, the 
corrosion rate values, which are functions of  
the samples' corresponding mass loss, in-
creased for all samples. As can be seen from 
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the table, every sample provided corrosion 
rate values that were lower than those of  
the "as received" sample C. More so, sample 
P8 had the lowest average corrosion rate 
value, measuring 0.3127 mm/y, according to 
the results. The sample provided a degree 
of  surface coverage of  0.93 and a protec-
tion efficiency of  93% on the substrate 

when compared to the "as received" sample, 
which had an average corrosion rate value of  
5.0025 mm/y (Table 4). Sample P1 had the 
highest corrosion rate value of  1.8954 mm/y 
among the coating samples, with a degree of  
surface coverage of  0.62 and protection effi-
ciency of  62% (Table 5). 
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Table 2 Corrosion data of  the samples at 0.3V  

Time 720 Hours 1440 Hours 2160 Hours 2880 Hours Ave. C.R 
(mm/y) 

Sample 
ID      

(g) 

C.R 
(mm/y)      

(g) 

C.R 
(mm/y)      

(g) 

C.R 
(mm/y)      

(g) 

C.R 
(mm/y) 

P1 0.1292 2.0013 0.2560 1.9842 0.3670 1.8940 0.4390 1.7021 1.8954 

P2 0.1230 1.9010 0.2392 1.8516 0.3501 1.8104 0.4521 1.7502 1.8283 

P3 0.0852 1.3121 0.1671 1.2921 0.2290 1.1824 0.2580 0.9981 1.1962 

P4 0.0580 0.9014 0.1080 0.8341 0.1210 0.6243 0.1341 0.5210 0.7202 

C 0.3950 6.1215 0.7731 5.9931 0.7891 4.0767 0.9855 3.8185 5.0025 

          
          

Table 3 Corrosion data of  the samples at 0.5V 

Time 720 Hours 1440 Hours 2160 Hours 2880 Hours Ave. C.R 
(mm/y) 

Sample 
ID      

(g) 

C.R 
(mm/y)      

(g) 

C.R 
(mm/y)      

(g) 

C.R 
(mm/y)      

(g) 

C.R 
(mm/y) 

P5 0.0780 1.2012 0.1530 1.1861 0.1911 0.9879 0.2440 0.9467 1.0805 

P6 0.0451 0.6921 0.0821 0.6341 0.1160 0.5981 0.1401 0.5421 0.6166 

P7 0.0391 0.6101 0.0771 0.5979 0.1121 0.5802 0.1481 0.5726 0.5902 

P8 0.0251 0.3941 0.0412 0.3210 0.0560 0.2896 0.0640 0.2461 0.3127 

C 0.3950 6.1215 0.7731 5.9931 0.7891 4.0767 0.9855 3.8185 5.0025 
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Table 4 Protection efficiency and degree of  surface coverage samples at 0.3V 

Samples Degree of  Surface Coverage 
(Ɵ) 

Protection Efficiency (%E) 

P1 0.62 62 

P2 0.64 64 

P3 0.76 76 

P4 0.86 86 

Samples Degree of  Surface Coverage 
(Ɵ) 

Protection Efficiency (%E) 

P5 0.78 78 

P6 0.88 88 

P7 0.88 88 

P8 0.93 93 

Table 5 Protection efficiency and degree of  surface coverage samples at 0.5V 

The mechanism of  corrosion in this study involves the formation of  corrosion products / 
rust (iron hydroxide), dissolution of  iron ions, formation of  ferrous chloride, acidification of  
the solution, and the generation of  hydrogen gas (Fontana, 1986, Patra 2019). They are sum-
marized on equations 4 – 9. 
Formation of  iron oxide:  

 

In the presence of  oxygen (O2) and water (H2O), iron (Fe) reacts to form iron hydroxide (Fe
(OH)3), which is commonly known as corrosion products /rust. This is then followed by the 
dissolution of  iron ions: 

 

The iron hydroxide (Fe(OH)3) formed in the previous step reacts with hydrogen ions (H+) to 
form iron ions (Fe3+) and water (H2O). This is followed by the formation of  ferrous chloride: 

 

Iron (Fe) reacts with chloride ions (Cl-) to form ferrous chloride (FeCl2), followed by the acid-
ification of  the solution: 

)4.(..................................................)(2 3)(22 OHFeOOHFe g ®++

)5.(..................................................33)( 2
3

3 OHFeHOHFe +®+ ++

)6.(..................................................2 2FeClClFe ®+ -
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Ions move from the metal surface to the 
bulk of  the solution when the samples 
come into contact with the corrosive media, 
which causes corrosion. However, the pro-
tective nanoparticle coatings on the sub-
strate prevent this migration, which pre-
vents the samples and the corrosive media 
from reacting further. The substrate sam-
ple's corrosion rates are considerably re-
duced as a result of  this effect. When com-
pared to coating samples deposited at 0.3V, 
those developed at a higher voltage (0.5V) 
demonstrated superior corrosion resistance 
characteristics. This is related to the fact 
that higher voltage tends to make electrons 
move more quickly, which guarantees faster 
and faster particulate deposition in the cath-
ode substrate and, ultimately, uniform coat-
ing deposition (citation needed). The chem-
ical affinities of  the nanoparticles' conduct-
ance in the bath may also be linked to the 
coatings' efficacy. The coating deposits 
would not be uniform if  the bath lost con-
ductance, which would impact the sample's 
corrosion behavior (Odetola et al. 2016, An-

yanwu et al. 2021a, 2023, Fayomi et al. 2017). 
 

Characterization of the samples 
The SEM/EDS spectra of  the mild steel 
sample (substrate) as received are displayed 
in Figure 1. It is evident that the steel's ac-
ceptable carbon content (0.26%) is met 
(Anyanwu et al., 2021a). The corrosion study 
was conducted after the image and spectra 
were taken. Every coating had homogeneous 
and evenly spaced grains, no porosity, and 
good coating adherence (Figure 2). Addition-
ally, they demonstrated strong throw power 
and edge protection, both of  which support 
and improve the structural integrity and per-
formance of  coatings. Zinc (Zn), magnesium 
(Mg), carbon (C), and a trace amount of  oxy-
gen (O) and hydrogen (H) were present in 
the compositions of  all the coating samples 
(Figure 3). The utilization of  nanocellulose 
particles may have contributed to the carbon, 
oxygen, and hydrogen contents (Anyanwu et 
al. 2021a, 2021b, 2022, Noor and Al-
Moubaraki, 2008).  
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Water (H2O) dissociates into hydrogen ions (H+) and hydroxide ions (OH-), followed 
by the formation of hydrogen gas: 

 

Hydrogen ions (H+) gain electrons (e-) to form hydrogen gas (H2). 

Overall reaction: 

 

)7.(..................................................2
-+ +® OHHOH

)8(..................................................22 2HeH ®+ -+

)9(..................................................322 22222 HOHFeClOClOHFe ++®+++ -
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Figure 1: SEM / EDS Spectra of the as received mild steel (Sample C)  

Figure 2: SEM imaging of  the Coatings (Sample P8) 

Figure 3: EDS Spectra of  the Coatings (Sample P8) 
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Following the samples' exposure to the cor-
rosive media, the optical microscopic imag-
es were taken. The images demonstrate how 
the attack from the corrosive media caused 
the "as received" sample to exhibit a signifi-
cant corrosive effect. Its surface produces a 
greater number of  corrosive products than 
the surfaces of  the developed coatings 
(Figure 4). On the surfaces of  the devel-
oped coatings, however, there were not 

many pitting corrosion spots, particularly on 
sample P8. The sample's improved coating 
adherence, edge coverage, and coating throw 
power, as shown by the SEM spectra, may 
have something to do with this. According to 
studies, coatings with sufficient edge cover-
age, adherence, and throw power provide 
excellent performance while in use 
(Anyanwu et al., 2021a, 2023; Fayomi et al., 
2017c, Popoola et al., 2016).  
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Figure 4: OPM images of  all samples after exposure in the corrosive media 

CONCLUSION 
By using the electro-deposition method, the 
zinc oxide-cellulose nanoparticles (x-ZnO-
xCn) were successfully deposited on mild 
steel substrates. The sample coatings exhib-
ited good throw power, edge coverage, uni-
formity, and coating adherence. This ex-
plained why their corrosion rate values were 
lower than those of  the mild steel sample 
used in the investigation. With the lowest 
corrosion rate value of  0.3127 mm/y, Sam-
ple P8 (20gZnO-20gCn) demonstrated a 
93% protection efficiency on the mild steel. 
According to the study, the zinc oxide-

cellulose nanoparticle coatings prevented a 
subsequent reaction that would have intensi-
fied the mild steel sample's corrosion by pre-
venting the migration of  chloride ions to the 
substrate. This effect enhanced the sample's 
resistance to corrosion and dramatically de-
creased the rates of  corrosion.   
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