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a b s t r a c t

The reuse of an agricultural by-product in consense with the development of green coat-

ings, motivated the characterization of coconut fiber powder, as a renewable inhibitor

pigment. Coconut microfibers are a new, efficient, eco-friendly inhibitor pigment. The aim

of this work to homogenize the particle size - MESH 250 -, the fiber was milled and sieved.

The coconut fiber powder underwent an alkaline treatment, with immersion in sodium

hydroxide solution - NaOH 5% (w/w) - for 24 h. The morphological characterization of

untreated microfiber (UM) and treated microfiber (TM) were performed using laser

diffraction and scanning electron microscopy (SEM). The compositions of the UM and TM

samples were analyzed by Fourier Transform Infrared Spectroscopy (FTIR) and their

thermal decomposition by the thermogravimetric analysis (TG/DG). The samples were

characterized as a coating pigment in terms of density, oil absorption, and CPVC. Weight

loss and potentiodynamic polarization curves tests were performed for understanding the

inhibitory effect of fiber powder samples. Despite the high oil absorption of the samples

(UM-95.73, TM-99.46) it has a low density, therefore presenting CPVC values that allow the

formulation of coatings with ideal PVC. The FTIR showed that the untreated microfiber

samples had lignocellulosic matrix and tannins in their composition, the treated sample

showed removal of some materials from the structure, increasing the lignin concentration.

The mass loss and potentiodynamic assays showed an inhibition efficiency of approxi-

mately 70% for UM and 90% for TM.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The fiber coconut is an agricultural waste with excellent

chemical-physics proprieties, and it is produced on a large scale

worldwide. The world production of coir approximately 18.7

million tons of fiber coconut are discarded [1]. However, coco-

nut fibers are rich of lignocellulosic sources and couild may be

used in awide range of industrial applications. These fibers can

be obtained from the mesocarp of the green coir (Cocos nucifera

L.). They are composed of cellulosic, hemicelluloses, pectin,

tannins, polyphenols, flavonoids, and lignin as binding mate-

rial [2]. Lignin and phytochemical components are widely used

as corrosion inhibitors [3,4]. These macromolecules adsorb to

the surface of themetallic substrate forming ferric compounds-

macromolecules with the corrosion products, through a mixed

inhibition mechanism [4,5].

In recent decades, there has been a lot of effort to provide

eco-friendly and biodegradable materials [6e8]. Thus, many

studies used agro-industrial waste in different sectors,

including energy storage materials [9], thermoelectric mate-

rials [10], advanced ceramics [11,12], and composite materials.

Soltani et al. [12] studied a freeze-casting route toward mac-

roporous SiOC/SiO2 ceramic nanocomposites from pre-

ceramic polymers. They used commercially available methyl-

phenyl-vinyl-hydrogen polysiloxane and amorphous silica

derived from rice husk ash freeze-dried with water or tert-

butyl alcohol, cross-linked, and pyrolyzed at 1100 �C in ni-

trogen. The authors were successful in manufacturing

polymer-derived macroporous amorphous SiOC/SiO2 mono-

liths with aligned pore channels by freeze-casting techniques

using water and tert-butyl alcohol as solvents. This result is

evidence of the efficiency of reusing agricultural residues such

as rice husk with raw material. Composite materials rein-

forced with natural fiber have also received continuous

attention due to their wide application. Natural fibers have

properties better than synthetic ones, such as low cost, low

density, biodegradability, renewability, and considerable me-

chanical performance. In addition, the increase in the use of

natural materials has led to a reduction in greenhouse gas

emissions [13e15]. Sadeq et al. [2] used coconut fibers in their

studies with different grain sizes ranging between 250 and

950 mm. The fibers were chemically treated with an alkaline

solution and used as a reinforced agent for epoxy resin.

Morphology and mechanical performance represented by

impact and flexural strength to the pure polymer and the

resulting composites were investigated. The results obtained

confirmed a mechanical improvement for the composites

compared to pure polymer.

Over the last few decades, organic coatings have been

widely applied to protect metals [16]. The coatings industry is

consolidated and has undergone a continuous change in

technology in recent decades, mainly due to environmental

factors, reducing the high toxicity of anticorrosive pigments

incorporated in paints, such as chromium ions inhibitors [17].

Thus, the development of new components to improve the

performance of these coatings is essential to further consoli-

date this industry.

Due to the potential of coconut fiber as a corrosion inhib-

itor and a large number of works in the literature as
biocomposites incorporated with coconut fiber [13,14,18e20],

combined with the search of non-toxic pigments in the in-

dustry, this work aims to characterize coconut microfibers for

use as pigments for organic coatings. Thus, a novelty of this

study is the characterization of the coconut fiber as an envi-

ronmentally friendly inhibitor pigment for organic coatings.
2. Materials and methods

2.1. Materials

The mild steel was mechanically press-cut into samples of

1.7 cm � 4 cm (area ¼ 6.8 cm2) dimensions, for weight loss

measurements and 4 cm � 4 cm for electrochemical mea-

surements. The samples of the mild steel were ground with

different grades (# 80,100, 240, 320, 400, 600, 800) silicon car-

bide paper, degreased in acetone (boiling point ¼ 56 �C; po-
larity index ¼ 5.1 and density ¼ 0.791 g/mL at 20 �C), dried in

warm air and stored in moisture-free desiccators prior to use.

The aggressive medium was 3.5% (w/w) sodium chloride

(NaCl) prepared from 98% analytical. The solution treatment

alkaline was 5% (w/w) sodium hydroxide (NaOH) prepared

from 98% analytical. Distilled water was used for the prepa-

ration of all reagents. The oil absorption tests used raw linseed

oil with an acidity index of 1e3. The coconut fibers used in this

study were donated by the Environment and Materials Labo-

ratory e LAMM of the Department of Science and Technology

of the State University of Santa Cruz e UESC, Ilh�eus - BA.

2.2. Preparation of coconut fiber

First, the coconut fibers were comminuted in a pan mill,

located in the Ore Treatment laboratory, Department of

Metallurgical and Materials Engineering - DEMET, School of

Engineering, Federal University of Minas Gerais - UFMG. After

being comminuted, aiming at homogenization of the particle

size, the fibers were sieved using a MESH 250 sieve, equivalent

to 63 mm aperture.

2.3. Alkaline coconut fiber treatment

After the single sieving operation, part of the microfiber was

subjected to a 24-h immersion alkaline treatment. The alka-

line treatment of the fiber was carried out with a solution of

sodium hydroxide (NaOH) P.A, at 5% (w/w). Subsequently,

they were filtered with a vacuum pump using a qualitative

filter paper and dried in an oven at 60 �C, for 4-h.

2.4. Coconut fiber characterization

Oil absorption tests were performed on the untreated (UM) and

treated (TM) coconut fiber samples. In this experiment, 5 g of

each sample was carefully weighted and each sample was

placed in a Petri dish. With the aid of a graduated burette, the

linseed oil was added drop by drop in each Petri dish. With the

aid of the spatula, the pigment was mixed in the oil after the

addition of each drop of oil. Further, the tests were completed

when a thin, homogeneous, non-brittle paste without excess

oil was obtained. At the end of the procedure, the spent volume



Table 1 e Physical Proprieties powder coconut fiber.

Proprieties Coir fiber (UM) Treatment
coir fiber(TM)

Density (g/cm3) 1.4 1.0

Oil absorption (g/100g) 95.7 99.5

CPVC 40.9 47.7

Average size of

particles (mm)

9.2 ± 16.9 15.2 ± 21.9
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of linseed oilwas determined,multiplied by its specificmass, so

that the added oil mass was determined. Thus, through Eq. (1),

the oil absorption of the studied samples was obtained.

Oil absorption¼ w1 x 100
w2

(1)

where, w1 ¼ oil weight; w2 ¼ pigment weight.

The CPVC is the critical point, in the concentration of pig-

ments and fillers, it is the minimum amount of polymer suf-

ficient to fill the spaces between the particles [21,22]. In the

study, the relationship between oil absorption (OA) and den-

sity (r) of assessments for CPVC determination (Eq. (2)).

CPVC¼ 1�
1þ ðOAÞðrÞ

93;5

� (2)

Size distribution by laser diffraction was performed for the

untreated (FN) and treated (FT) coconut microfiber samples,

using Malvern Mastersizer 3000 equipment. First, coconut fi-

bers were dispersed in water and placed in an ultrasom in

order to guarantee the total fibers dispersion. After, the co-

conut fibers solution was analyzed, determining size distri-

bution by volume.

The morphology of untreated and treated ground coconut

fibers was evaluated by scanning electron microscopy - SEM.

The equipment used was Tescan model Vega 3 LMU. Sec-

ondary electrons images (SE) were obtained using an accel-

eration voltage of 10kv, in different magnitudes values, with

tungsten filament as a cathode.

The samples of coconut microfibers (FN) and (FT) was

characterized by the FTIR-ATR technique. The FTIR-ATR

analysis was performed on Bruker equipment, model Alpha

II associated with OPUS software. Scanning wavelength was

performed from 4000 to 500 cm�1, in ATR mode.

Thermogravimetric analyzes (TG) were performed for the

coconut microfiber samples using Netzsch equipment, model

STA 449 F3 Jupiter, assisted by Proteus software. For the

analysis, ~20 mg of sample was weighted in the crucible and

later added to the equipment. The test was carried out in a

nitrogen atmosphere (N2), with a temperature range from 30

to 800 �C and a heating rate of 10 K/min.

The characterization size distribution by laser diffraction,

SEM, FTIR and TG characterization was performed in the

Electrochemistry and Corrosion Laboratory of the Polytechnic

School of the University of S~ao Paulo e USP.

Weight loss tests were performed in accordance with

ASTM G31 e 72 (2017) Standard Guide for Laboratory Immer-

sion Corrosion Testing of Metals. The carbon steel samples

were carefully weighted on an analytical balance and

completely immersed in 200 mL of solution in a 250 mL

Erlenmeyer flask. The carbon steel weight loss tests were

performed in a 3.5% (w/w) NaCl solution, with immersion for

720 h at room temperature (~25�). The tests were performed

for control samples and with the incorporation of 5% (w/w)

untreated (UM) and treated (TM) coconut microfiber, a tripli-

cate of each condition. From the weight loss, it was possible to

calculate the corrosion rate, through Eq. (3). The inhibition

efficiencies of coconut microfiber samples can be calculated

by Eq. (4).
CR ¼w1 �w2

At
(3)

hwð%Þ¼CRðcontrolsampleÞ � CRðinhibitorÞ
CRðcontrolsampleÞ

x 100 (4)

where, w1 ¼ initial weight sample; w2 ¼ final weight sample;

CR ¼ corrosion rate; A ¼ sample area; t ¼ immersion time;

hwð%Þ ¼ inhibition efficiencies.

Potentiodynamic polarization tests were performed to

characterize the corrosive inhibitory properties of the fiber

samples. The tests were carried out using an Autolab 302 N

potentiostat, in a three-electrode flatcell, with carbon steel as

the working electrode with an exposed area of 1.2 cm2, satu-

rated calomel electrode (SCE) as a reference electrode, and a

platinum wire as a counter electrode. Potentiodynamic po-

larization curves were obtained by scanning the electrode

potential at a sweep rate of 0.167 V/s, with potential limits of

±2.5 mV vs OCP, in a 3.5 (w/w) NaCl electrolyte at 25 �C. The
potentiodynamic tests were performed for the control sample

and with the incorporation of 5% by mass of untreated (UM)

and treated (TM) coconut microfiber. The samples were

immersed for 2 h to stabilize the corrosion potential.
3. Results and discussion

3.1. Microfiber coir characterization

3.1.1. Physical properties
The studied powder coconut fiber samples were characterized

by their physical properties. These properties are important

for its application, mainly as a pigment. The densities of un-

treated (UM) and treated (TM) powder coir fiber samples were

measured; the observed values are 1.41 g/cm3 for sample (UM)

and 1.03 g/cm3 for sample (TM) (Table 1). Adeniyi et al. [19]

carried out a literature review study on the properties of co-

conut fiber. according to previous studies, the density values

of coconut fiber are in the range of 1.1e1.5 g/cm3. Authors

Kumar and Raja [23], also searched for data in the literature

and found a range of density values 1.45e2.8 g/cm3. It can be

seen in Table 1 that the density value found for the UM sample

is within the range proposed by Adeniyi et al. [19], and slightly

below the range portrayed by the authors Kumar and Raja [23].

The treated powder coconut fiber (TM) showed a lower value

than the proposed intervals. This characteristic may be

related to the effects provided by the chemical surface treat-

ment, such as the removal of different impurities, oil, wax,



Fig. 1 e Powder size distribution of untreated coconut fiber

(UM).

Fig. 2 e Powder size distribution of treated coconut fiber

(TM).
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and fats. In addition to the decrease in the content of mate-

rials such as cellulose and hemicellulose [14].

The low density is an advantage for a pigment because

pigments work by volume but are sold by weight. Thus,

considering the cost, a high-density pigment contains fewer

particles per unit cost. Regarding its use as a filler, considering

a control volume, a pigment with a lower specific mass has

more particles per volume. However, the low specific mass of

the particles can increase the agglomeration of particles

[21,22]. According to Jones; Nichols and Pappas [24], the

pigment density influences its oil absorption value, as pig-

ments with higher density require less oil adsorbed on the

surface, consequently, they have lower oil absorption. We can

observe that the studied samples presented this behavior,

inversely proportional values, about density and oil

absorption.

The oil absorption was analyzed for the UM and TM sam-

ples, high values for oil absorption are observed, mainly the

value presented by the treated coconut fiber (TM). The authors

Przywecka [25] studied aluminum phosphate pigments

modified with ammonia, calcium, and molybdenum. They

obtained similar results for oil absorption, compared to the

present study. The products were characterized by a high oil

absorption number in the range of 97e127 g/100 g of product.

The authors associated this behavior waswith the presence of

the amorphous phase in these pigments.

Oil absorption values can vary greatly according to the

properties of each pigment. This physical property is related

to the amount of binder sufficient to adsorb all the pigment

particles [24] To achieve optimization in terms of formulation,

both technically and in terms of cost, it is important to achieve

the highest packing density of the mixture. This packing is

obtained when a high distribution of particles is obtained,

thus achieving an increase in CPVC [21]. According to [22] non-

toxic organic pigments have a lower specific mass and greater

oil absorption, increasing the possibility of formulating coat-

ings that CPVC exceed PVC.

In this study, was observed a difference in the CPVC values

of UM and TM. This difference is related to the sample prop-

erties: density and oil absorption. With these CPVC values

obtained, it is possible to search an ideal PVC value for the

samples of new pigments understudy, obtaining a formula-

tion for the desired conditions. An important factor when

considering PVC for the formulation is that due to the high oil

absorption of the UM and TM powder coconut fiber samples,

its use in the formulations must be at low levels [21].

3.1.2. Powder size distribution by laser diffraction
To determine the size distribution of the processed powder

coir fiber particles, a laser diffraction analysis of the samples

under study was performed. Fig. 1 shows the particle size

distribution histogram and the curve of the accumulated

values of the untreated coconut fiber sample. The particles

had a powder size range from 0.40 mm to 127 mm, with the

largest population, about 90% of the particles, being in a size

range from 0.77 mm to 60 mm. The calculated mean particle

size was 9.16 mm (Table 1).

Fig. 2 represents the particle size distribution histogram of

the treated powder coir fiber. The particles had a size range

from0.40 mmto 111 mm,with the largest population, about 85%
of the particles, being in a size range from 0.7 mm to 60 mm. The

calculated average particle size was 15.26 mm (Table 1). As

mentioned by Furtado [26], the solid's particle size is one of its

intrinsic properties related to its performance as a pigment, a

material with small particles is expected for application as a

pigment. This property is directly influenced by the benefici-

ation (milling) process. Regarding the results obtained for the

powder size distribution, it is observed that the material

milling step was efficient, with the largest population of par-

ticles being in a small size range, obtaining a finely divided

material. Above all, it is noted from the range of sizes obtained

in the analysis that therewas an agglomeration of particles, as

the sieve used has a MESH 250, equivalent to 63 mm, conse-

quently, the particles could not be larger than this. value. But

these values of agglomerated particles were approximately

10% for UM and 15% for TM, just a small part of the total

amount.

Comparing the size distribution of the samples, it is noted

that the largest populations of untreated coconut fiber parti-

cles have a smaller size, we can observe this behavior in the

histogram curve (Fig. 1) which shows a bimodal distribution.

The first curve of the untreated coconut fiber (UM) particle size

histogram vs. volume has ~80% of the particles. Observing

Fig. 2, the largest populations of particles of treated coconut

fiber (TM) also have a smaller size, represented by the first

peak of the histogram particle size of the treated fiber (TM) vs.

volume. However, it is noted that this value is less significant,
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compared with the results for untreated coconut fiber (UM).

The first curve of the treated coconut fiber (TM) particle size

histogram vs. volume, contains approximately ~70% of the

particles. Thus, the UM sample presented, for the most part,

smaller particles. This fact can be proven by the average

values of particle sizes in Table 1. The average size of pigment

particles is related to the symmetry of the distribution of

particles by the coating, and the more asymmetric the greater

the average particle size [21].

This size difference may be related to the higher proba-

bility of agglomeration in the particles of the treated fiber

sample (TM), due to its lower specific mass. The particle's
agglomeration state for a pigment is a key factor for its

application, related to dispersibility factors. Factors such as

strong agglomeration of particles can compromise good

fluidity and cause irregularities in the barrier formed by the

coating, forming free resin [21].

3.1.3. Scanning electron microscopy - SEM
According to Furtado [26], the shape of the particles is another

important property of solids for their use as a pigment. Thus,
Fig. 3 e Powder Coconut fiber images: (a,b) untre
Fig. 3 shows the secondary electrons images obtained by SEM

of powder coir fiber in the different conditions studied, (a,b)

untreated - UM; (c,d) treated - TM, respectively. It was

observed for both samples, predominantly, lamellar-shaped

particles, but there is the formation of some particles and

needle-shaped agglomerates.

The extenders and lamellar pigments reinforce the struc-

ture of the film, reducing the tendency to crack and inter-

ruption of the film's continuity during its aging. They improve

the impermeability and applicability of the coating, for

example, paints with high corrosion resistance, with protec-

tion by a barrier mechanism, are formulated with lamellar

pigments, so they can be applied in high thickness, providing

durability in aggressive environments [21]. Pigments or ex-

tenders, depending on their acicular shape, reinforce the

structure of the film, improve cohesion, improve abrasion

resistance and flexibility [21].

Fig. 3(a,b) shows the SEM microscopy of powder coconut

fiber UM, in which a material with a smooth surface is

observed, in a matrix with embedded cells. According to

Hasan et al. [14], this characteristic may be related to the
ated coconut fiber (c,d) treated coconut fiber.



Fig. 4 e Fourier transform infrared spectrum of coconut

powder samples.
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presence of impurities on its surface, such as waxes and fatty

acids, in addition to the fact that the coconut fiber cells are

crystalline celluloses, arranged in a helical manner in an

amorphous matrix, consisting of a cellulose-lignin complex.

However, despite this lignocellulosic matrix, a porous surface

is observed. Fig. 3(c,d) shows the SEM micrographs of powder

coconut fiber with alkaline chemical treatment (TM). The TM

surface micrograph is rough and exposed the microfibrils due

to the removal of fatty acids, wax, globular particles, cuticle,

and some part of hemicellulose and lignin [27]. An anisotropic

surface is observed, with acicular shapes, where the

arrangement of cellulose fibers that were inside the matrix is

seen in the image. This material property can positively in-

fluence the application of the treated fiber.

The characteristics of treated coconut fiber may be related

to the removal of cementing materials (lignin and hemicel-

lulose) from the surface, in addition to the removal of fatty

acids and waxes. According to Hasan [14], alkaline reagents

such as aqueous NaOH solutions help natural fibers to ionize

eOH groups. The degree of polymerization, molecular orien-

tation, and chemical composition are all affected by alkaline

treatments. Gholampour and Ozbakkaloglu [6] mention that

the alkaline chemical treatment promotes the rupture of the

ligninecelluloseehemicellulose complex, as well as the

removal of each of these fractions, consequently increasing

the porosity of the material.

According to AdeniyI et al. [19], alkaline treatment can also

lead to the decomposition of crystalline cellulose, which leads

to the exposure of short crystallites, in addition to generating

an increase in amorphous cellulose. We can see that the re-

sults were similar to those found in the literature, where the

surface treatment with alkali is rougher, which may increase

the wettability of the fiber, allowing a promising interaction

with the epoxy resin.

Comparing with the particle size distribution by laser

diffraction tests, we noticed from the images that the particles

of both, treated coconut powder (TM) and untreated coconut

powder (UM), have diameter values in almost all measures in

agreement and very similar with the results obtained in the

laser diffraction technique. It is importance to realize that the

particle size by laser diffraction were made using sample so-

lutions, as described in methodology, wich justifies a more

dispersive system and also less particle size values compared

with the SEM results, that are more likely to be shown with

agglomeration tendency.

Another analogy is with the oil absorption value, we note

that the sample with the most porous surface, despite having

a larger particle size, presents greater oil absorption. This fact

is to the detriment of the need to fill all these interstices.

3.1.4. Fourier transform infrared spectroscopy - FTIR
Fourier transform infrared spectroscopy analyzes were per-

formed to characterize the samples referring to absorption

peaks, before and after the alkaline treatment (NaOH). This

characterization is necessary to analyze the chemical bonds

and understand the behavior of the samples as a pigment.

Fig. 4, shows the spectra of samples untreated powder coco-

nut fiber (UM) and treated powder coconut fiber (TM).

The transmittance band of 3340 cm�1, in the region

3500 cm�1 - 3000 cm�1, represents the OH stretching vibration,
a typical characteristic of natural fibers, due to the presence of

the hydroxyl group present in cellulose and hemicellulose

[27]. This band is found in the tannin and polyphenol spectra,

due to hydroxyl-rich structures present in the aromatic rings

[28]. The vibration peak near 2920 cm�1 corresponds to the

symmetrical vibration of Ce H, which is related to the meth-

ylene and methyl groups. The aliphatic portions of hemicel-

lulose and cellulose are indicated by these bands [14].

The peak in the region of 1730 cm�1 was observed in the

case of untreated fibers (UM), referring to the presence of C]

O, present in hemicellulose, tannins, pectin, and wax, or car-

boxylic group of coumaric and ferulic acids of lignin. But note

that the peak corresponding to this vibration disappeared in

the sample with chemical treatment. This behavior indicates

that the chemical treatment significantly removed hemicel-

lulose, pectin, tannins, and waxes from the fiber surface [27].

The presence of the C]C bond is reflected by the peak at

1605 cm�1, present in the aromatic rings. This vibration in-

dicates a high number of interflavonoid bonds [4,28,29].

The peak around 1368 cm�1, which belongs to the eCHe of

cellulose and hemicellulose, almost disappeared after the

alkaline treatment, because the NaOH treatment removed

part of the hemicellulose components from the fiber. The peak

in the 1240 cm�1 region reflects the CeO stretching acetyl

group on the lignin and shows a significant reduction. This

reduction is attributed to the degradation of lignin after

chemical treatment. The peak around 1156 cm�1, which cor-

responds to the CeOeC elongation of the polysaccharide

components of cellulose, showed a significant reduction after

chemical treatment. This reduction is due to the degradation

of the cellulose components of the fiber. The absorption peak

around 1032 cm�1 corresponds to both CO elongations in

cellulose, hemicellulose, and lignin, and COeC elongation in

hemicellulose and cellulose and was observed to be more

prominent for sample UM [27].

Through the FTIR results, the progression of the maceration

process results in the deterioration of the content of the main

componentsof the lignocellulosiccomplex.Chemical treatment



Fig. 5 e Thermogravimetric analysis untreated coconut

fiber (UM).
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generated the rupture of the ligninecelluloseehemicellulose

complex, as well as the removal of each of these fractions

through delignification pre-treatment techniques, in which the

removal of lignin and hemicellulose promotes the reduction of

cellulose crystallinity and, consequently, increased porosity of

thematerial [6].

According to Santos et al. [30], cellulose is amphiphilic, part

hydrophobic, and part hydrophilic. Thus, cellulose favors the

linear growth of the chain, confering insolubility in water, a

considerable degree of crystallinity, high molecular weight,

and rigid structure. The complex formed of cellulose/hemi-

cellulose gives rigidity to the cell walls, this property of these

chemical components can be interesting to confermechanical

properties to the coating, in the application as extenders. This

component presented in coconut fiber could also help in its

application as a pigment or extenders, as it gives the material

greater hydrophobicity. Gallindo et al. [31], analyzed the

moisture content of fibers with and without alkaline treat-

ment, the moisture content found was 5% for the untreated

fiber and 18% for the treated fiber. Although the alkaline

treatment increases the cellulose composition, to the detri-

ment of hemicellulose decomposition, this increase is amor-

phous cellulose, making the treated coconut fiber material

more hydrophilic [19,32e35].

Lignin is an amorphous polyphenolic material, alkaline

hydrolysis assists in the solubilization and extraction of the

lignin present in the biomass, increasing the internal surface

and decreasing the degree of polymerization [5]. Although

lignin hydrolysis occurs, consecutively, hemicellulose degra-

dation occurs and, generally, in a more significant way. Thus,

hemicellulose and lignin, which are found in the surface layer

of the fibers, are hydrolyzed. However, there is a significant

amount of lignin in the innermost layer of the fiber, known as

the cellulose-lignin matrix. of coconut [4].

This alkaline hydrolysis process may be interesting for the

application of coconut fiber powder as a pigment, as lignin and

unmodified lignin monomers show great potential as corro-

sion inhibitors in acidic, basic, and neutral media [3]. The

authors Ding et al. [36] proved this synergistic effect of lignin,

they analyzed the feasibility of incorporating epoxidized

lignin, as an additive in coatings, based on epoxy resin for

anticorrosive purposes. The modification by epoxidation of

lignin was carried out using epichlorohydrin (EGL) under

alkaline conditions. The anticorrosive properties of ELG/epoxy

coatings on carbon steel immersed in 3.5% (w/w) NaCl solu-

tion were studied by polarization curves and electrochemical

impedance spectroscopy (EIE). Compared with pure epoxy

coating, the addition of ELG greatly improved the corrosion

protection performance of the steel. Epoxy coating with 2%

ELG, achieved high corrosion protection performance.

Condensed tannin consists of four flavonoid monomers,

such as catechin, epicatechin, epigallocatechin, and epi-

catechin gallate [29]. According to Umoren et al. [4], we found

other chemical phytocomponents present in coconut fiber.

These molecules may aid in the synergistic effect to inhibit

corrosion. Studies were carried out with treated tannin from

Rhizopora mucronata (RMT) as a corrosion inhibitor for car-

bon steel and copper. The corrosion rate of carbon steel and

copper in 3% NaCl solution was studied using the weight loss

technique and electrochemical studies. The inhibitory
efficiency of RMT was compared with the commercial inhib-

itor sodium benzotriazole (S- BTA). The best concentration of

RMT was 20% (m/v), increasing the concentration of RMT

decreased the corrosion rate and increased the inhibitory ef-

ficiency. The trend of RMTwas similar to that of BTA-S, but its

inhibitory efficiency for carbon steel was poor (6%) compared

to RMT (59%). BTA-S was efficient for copper (76%) compared

to RMT (74%). RMT was efficient even at low concentrations,

therefore, the use of RMT as an economical and environ-

mentally friendly corrosion inhibitor for carbon steel is

feasible. The corrosion inhibitory effect of RMTwas attributed

by the authors to the presence of flavonoid monomers. These

monomers can react with newly generated Fe2þ ions on the

corroding metallic surface, resulting in the formation of

organometallic complexes [29]. Therefore, the presence of

tannins and other phytochemical constituents in coconut

fiber presents the potential for its application as a corrosion-

inhibiting pigment. However, the alkaline treatment can

extract these components, consequently, it can be harmful for

its use as an inhibitor pigment.

3.1.5. Thermogravimetric analysis
To understand the thermal behavior of coconut fiber, samples,

untreated (UM) and treated (TM), were subjected to thermog-

ravimetric analysis. Untreated and treated fiber TG and DTG

curves are shown in Figs. 5 and 6, respectively. Thermogra-

vimetric analysis (TG) is a useful method to investigate the

mass loss ofmaterials [14]. The TG curves of the samples show

different mass loss processes. The UM samples underwent

four-stage degradation processes (Fig. 5). However, the TM

sample shows degradation processes in three stages (Fig. 6).

The thermal degradation of lignocellulosic fiber is mainly

due to the degradation of hemicellulose, cellulose, and lignin.

Due to the acetyl groups in its composition, hemicellulose has

lower thermal stability than cellulose and lignin [37]. Among

these components, lignin has greater thermal stability, due to

its complex structure with aromatic groups, its degradation

occurs over a wide temperature range [27]. The first mass loss

process for the UM sample was observed between 30 and

127 �C, approximately 9.32%mass loss. For the TM sample, the



Fig. 6 e Thermogravimetric analysis treated coconut fiber

(TM).

Table 2 e Weight loss test results.

Sample Corrosion Rate
CR (g/m2.h)

Inhibitor efficiency hw(%)

UM 5% (w/w) 0.803 68.36

TM 5% (w/w) 0.275 89.28

Control sample 2.539 e
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mass loss was in the range of 30e160 �C (~9.99% mass loss).

This process is associated with the loss of moisture from the

material [14]. In this second degradation process, we observed

the difference between the behavior of the samples. The UM

sample showed mass loss over the temperature range

127e300 �C (~29.01% mass loss).

The authors Prasad et al. [14], performed thermogravi-

metric (TG) analyses for coconut fiber and associated the loss

of mass in this temperature range with the decomposition of

hemicellulose, pectin, cleavage of the glycosidic bond of cel-

lulose, and part of the lignin. The TM sample, on the other

hand, presented a different behavior, as the sample presented

only 3 stages of decomposition, the second process of mass

loss was in a temperature range of 160e360 �C, with approx-

imately 50.02% of mass loss. This is the main process of mass

loss for treated fiber, attributed to the decomposition of cel-

lulose by breaking glycosidic bonds of the glucose chain and

decomposition of lignin, but to a lesser extent [14].

This different behavior between the samples corroborates

the results obtained by FTIR analysis, which revealed the

disappearance of the associated C ¼ O band for the treated

fiber. Thus, it indicates that the chemical treatment signifi-

cantly removed hemicellulose, pectin, and part of the lignin.

The behavior of the samples in the thermogravimetric analysis

can be confirmed by the derivative thermogravimetric analysis

curves (DTG), where we can observe a peak at approximately

280 �C for the untreated fiber. This peak is not observed for the

treated coconut fiber sample. The third mass loss process for

the untreated coconut fiber (UM) sample, temperature range

300e400 �C, is attributed to the decomposition of cellulose by

breaking the glycosidic bonds of the glucose chain and

decomposition, in a lower percentage., from lignin [14].

From the DTG curves, the derivative peak associated with

the maximum rate of mass loss is observed around 280 �C
(~29.01%mass loss) for UM and, 315 �C (mass loss ~50.02%) for

TM. The lower degradation of the untreated fiber observed is

related to the presence of hemicellulose and pectin in its

composition, which exhibits low thermal stability, while the

treated fiber is more stable due to the removal of these com-

ponents [14,27].
The last process, the fourth step for the UM sample and the

third step for the TM sample, associated with the mass loss of

mass above 380 �C, corresponds for the two samples to the

degradation of the remaining lignin and the oxidative

decomposition of the carbonized residue [14].

The thermal characterization of the material is important

to understand its behavior and to analyze the possibilities of

thermal treatments for its incorporation as a pigment.

Considering the application as an inhibitory pigment, with a

lignin inhibitionmechanism, the ideal treatment temperature

would be 280 �C for UM and 315 �C for TM. At this temperature,

it is possible to purify the lignin present in the samples, due to

its greater thermal stability, but as a consequence, it could

increase its hydrophilicity [27]. Considering the application as

a filler or inhibitory pigment related to tannins, the ideal heat

treatment would be at 120 �C for UM and 160 �C for TM,

removing only the moisture from these materials. Regarding

the application as extenders, structuring materials such as

cellulose/hemicellulose/lignin may be interesting to improve

the mechanical properties of materials [14]. On the other

hand, considering applying as an inhibitory pigment referring

to the tannin inhibitionmechanism, we have that the removal

of these materials at high temperatures can be harmful [3].

3.2. Gravimetric tests - mass loss measurements

The weight loss tests were performed for carbon steel sam-

ples, immersed in 3.5%NaCl andNaCl 3.5%with 5% bymass of

untreated (UM) and treated (TM) coconut microfiber. Table 2

shows the results obtained in the gravimetric tests, for the

tested condition. The corrosion rate for the carbon steel con-

trol sample was considerably higher, compared to samples

with microfiber incorporation in the medium, both untreated

sample (UM) and treated sample (TM). Among the test con-

ditions, the one that presented the best performance was the

treated coconut microfiber, with an inhibition efficiency of

~90%.

Where the coconut fiber samples showed high corrosion

inhibition efficiencies and, in image 7 one can observe the

physical aspect of the samples (triplicate of each condition),

after the mass loss tests. Note that for the samples with un-

treated coconut microfiber (UM) and the control sample, the

type of corrosion was generalized (Fig. 7).

However, for samples immersed in a solution with a

treated coconut fiber sample (TM) (Fig. 7), corrosion was

localized, characterized by pitting. It can be seen that the pits

were formed mainly in the regions where the carbon steel

pieces were tied with nylon and at the ends of the samples.

The lower corrosion rate of the coconut fiber treated as an

inhibitor may be related to the higher lignin content in the

coconut microfiber, due to the alkaline treatment. In addition



Fig. 7 e Carbon steel samples immersed in 3.5% NaCl

solution (UM e 5% (w/w) untreated powder coconut

microfiber, TM e 5% (w/w) treated powder coconut

microfiber, and CS e control sample).
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to the fact that the type of corrosion in carbon steel is local-

ized, which causes less material loss, it is of extreme concern

for plant safety, as it is difficult to control and can cause

catastrophic damage.

3.3. Potentiodynamic polarization tests

Potentiodynamic polarization studies were carried out to

evaluate the anticorrosive inhibition properties of coconut

microfiber, with a concentration of 5% (w/w) in 3.5% (w/w)

NaCl solution, on the carbon steel substrate. Fig. 8 shows the

potentiodynamic polarization curves for untreated coconut

microfiber (UM), treated coconut microfiber (TM), and control

sample (blank). Analyzing the curves qualitatively, a shift of

the anodic curves towards the most positive region, for sam-

ple treated powder coconut fiber (TM). This behavior indicates

that the inhibitor has an anodic behavior.

When looking at the resulting corrosion current density

values for the samples, mainly in the anodic branch, we can

verify that the powder green coconut microfiber acts as a

corrosion inhibitor for the carbon steel in NaCl 3.5% (w/w),

since the UM and TM samples presented lower values than

those presented by the control sample. The better perfor-

mance of treated coconut fiber as an inhibitor may be related

to the higher lignin content in TM coconut microfiber.

Although this treatment removes part of all components of

the coconut mesocarp, the material most resistant to this

process is lignin, thus increasing its concentration [27]. To the

untreated coconut fiber (UM) sample, this performance dif-

ference about the TM sample may be related to the higher

percentage of hemicellulose on the surface, reducing the

contact of photochemical components and lignin, however,

compared to the sample in white, the UM coconut microfiber

sample showed inhibition efficiency. Thus, the results found

in the potentiodynamic polarization tests corroborate the re-

sults obtained in the mass loss test, the untreated (UM) and

treated (TM) powder coconut microfiber showed potential for
Fig. 8 e Potentiodynamic polarization test curves.
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application as inhibitor pigments, due to their behavior as

anti-corrosion inhibitors.

However, for the application of this powder material as a

corrosion inhibitor, more careful studies are needed, such as

optimization of the coconut fiber concentration and different

temperatures. Despite the data reported in the literature using

coconut fiber or husk as an efficient anti-corrosion inhibitor,

the objective of the present study is only to verify this

behavior of the material, to characterize and study the feasi-

bility of application as an inhibitor pigment in anticorrosive

organic coatings.
4. Conclusion

Coconut microfibers showed favorable properties for their

application as an inhibitory pigment. Regarding its physical

properties, the samples showed low density and high oil ab-

sorption for both untreated and alkali-treated samples, this

fact may be that this behavior helps in coating with medium

CPVC. However, pigments with high adsorption must be used

in small percentages, making it difficult to apply as a filler

pigment. The size distribution showed a finely divided mate-

rial, with average particle sizes of 9.16 mm for UM and 15.26 mm

for TM. This difference in particle size is due to the greater

tendency of the treated sample to agglomerate,more visible in

less dense materials. This characteristic can be disadvanta-

geous for its application as a pigment because the tendency of

agglomeration together with the high oil absorption generates

free resin. The SEM images showed particles with predomi-

nantly lamellar-shaped and needle-shaped, these particle

shapes are common in pigments. Through the SEM images, it

was possible to analyze the difference between the surfaces of

the material, it is noted that the treated samples, due to the

chemical change generated by the alkaline treatment, pre-

sented an anisotropic surface, with a greater number of in-

terstices, which may help in its application due to greater

interaction with the coating resin.

The FTIR spectra confirm the components reported in the

coconut fiber literature, in addition to proving the effect of

degradation and chemical alteration of lignocellulosic com-

ponents. Thermogravimetric analyses investigated the appli-

cation of coconut microfiber, and it was found that the

material presents thermal stability at low temperatures,

mainly due to the lignin in its composition, and generates the

possibility of thermal treatment in the material for the puri-

fication of more thermally stable components. The mass loss

tests also showed an inhibitory effect of coconut microfiber,

decreasing the corrosion rate, the inhibition efficiency ach-

ieved was ~70% for the untreated sample and ~90% for the

treated sample. The potentiodynamic polarization tests

generated a decrease in the current densities of the samples in

the anodic branch, mainly in the TM sample proving its

inhibitory effect. They can be classified as anodic inhibitor.

The behavior of the curves demonstrates an anodic inhibition

mechanism. Thus, the characterization of this coconut fiber

powder shows potential as an inhibitory pigment. Some dif-

ficulties were presented for the execution of themethodology,

but the main one was about the coconut microfiber filtering

process, due to the low particle size, the filtering process was
difficult, spending a lot of energy with the vacuum pump thus

the best alternative would be to treat the material and then

benefit from grinding. Another factor to be improved in the

methodology is the mill used, despite the milling efficiency

having been high and having obtained a finely divided mate-

rial, the mill used has a very small capacity of grinding batch

material, allowing the equipment to be damaged and still high

energy expenditure.
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