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ABSTRACT: A marine alga Caulerpa racemosa was tested for its anticorrosion potential against mild steel in 1 M HCl solution
by weight loss and electrochemical methods such as potentiodynamic polarization and electrochemical impedance spectroscopic
studies at various temperatures viz., 303, 313, and 323 K. The results showed that inhibition efficiency increased with increase of
extract concentration and decreased with increase of temperature. The adsorption of the molecules of the extract on the mild
steel surface was in accordance with the Temkin adsorption isotherm. Polarization studies showed that the extract inhibits mild
steel corrosion through mixed mode and electrochemical impedance spectroscopy (EIS) results confirm the adsorption of the
extract at mild steel/acid interface. The major phytoconstituent caulerpin, a bis-indole alkaloid isolated and characterized using
UV, IR and NMR spectroscopic studies, was tested for anticorrosion activity using polarization, impedance, and atomic force
microscopy (AFM) studies. The AFM results confirmed the formation of a protective layer by caulerpin over mild steel surface.
Thus the anticorrosion potential of C. racemosa can be correlated to the presence of caulerpin.

■ INTRODUCTION
The acidization of petroleum oil wells is one of the well-known
simulation methods for oil exploration which involves the use
of hydrochloric acid solution. In order to reduce the aggressive
attacks of acid on tubing and casting materials, inhibitors are
usually incorporated to acid solutions during acidization
processes.1 Corrosion inhibitors act by adsorption of ions or
molecules over metal surfaces. They reduce the corrosion rate
mainly by increasing or decreasing the anodic and/or cathodic
reactions, decreasing the diffusion rate for reactants to the
surface of the metal and increasing the electrical resistance of
the metal surface. Several reports have been documented on the
use of many synthetic organic compounds such as 2-mesityl-
1H-imidazo-[4,5-f][1,10]-phenanthroline,2 2-acetylpyridine-
N(4)-morpholine thiosemicarbazone,3 some vinylimidazolium
ionic liquids,4 some diamine derivatives,5 and some piperidin-4-
one oximes6−8 as effective corrosion inhibitors for acid media.
For industrial and large scale use, cost of the inhibitor, its
toxicity, availability, and environment friendliness are very
important.9 Neverthless, the known hazardous effects of these
synthetic organic inhibitors and the need to develop cheap,
nontoxic, and eco-friendly processes have now made
researchers focus on the use of natural products.10−16 There
have been reports on the corrosion inhibition potential of plant
extracts from our laboratory which showed that Solanum
nigrum,17 Rauvolfia serpentina,18 Solanum tuberosum,19 Calo-
tropis procera,20 Piper nigrum,21 Strychnos nux-vomica,22 Datura
stramonium,23 Datura metel,24,25 and Spirulina platensis26 served
as efficient corrosion inhibitors for mild steel in acid media.
Plant extracts from Shinopsis lorentzii,27 Aloe vera,28 Punica
granatum,29 and Zenthoxylum alatum30 have also been found to
be effective corrosion inhibitors for metals in acid media. The
use of natural products as corrosion inhibitors has been well-
documented.31

Caulerpa racemosa (C. racemosa) is a Chlorophyta of the
order Bryopsidales belonging to the family Caulerpaceae. The
marine alga is commonly known as sea grapes and is
predominantly distributed along the Indian coastal region. C.
racemosa contains sesquiterpenes, caulerpinan alkaloid
present to the extent of 2%, and reducing sugars such as
galactose, glucose, arabinose, xylose, mannose, and rhamnose
along with amino acids.32,33 It has been reported to have anti-
inflammatory, antinociceptive, antihypertensive, antiviral, cyto-
toxic properties, etc.34,35 In the present work, Caulerpa
racemosa, the marine alga found in the corrosive environment
of seawater, has been tested for its corrosion inhibition
potential in acid medium using mild steel. Further, the alkaloid
present in this marine alga has also been investigated for its
corrosion inhibition activity by potentiodynamic polarization,
electrochemical impedance spectroscopy, Fourier transform
infrared (FT-IR) analysis, and atomic force microscopy (AFM).

■ EXPERIMENTAL SECTION

Isolation and Characterization of Phytoconstituent.
Caulerpin (Figure 1) is a bis-indole alkaloid reported as the
major constituent of C. racemosa.31 The residue obtained after
evaporation of the methanolic extract of C. racemosa was
chromatographed on a column of silica gel (60−120 mesh) and
was eluted successively with various percentages of solvent
mixtures containing petroleum ether, chloroform, and meth-
anol. The fractions eluted with petroleum ether−chloroform
(1:1) afforded a red crystalline substance which was
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characterized using UV, IR, and NMR spectroscopic
techniques.36

Preparation of C. racemosa Extract for Corrosion
Inhibition Studies. The marine alga collected from the Indian
coastal region was washed thoroughly in running water to

remove unwanted impurities, then dried, and powdered. The
300 g of powdered material was refluxed with methanol for
about 6 h. The resulting solution was concentrated and
evaporated to get a residue which was powdered and used for
the study of the corrosion inhibition properties. An appropriate
amount of the powdered residue was dissolved in 1 M HCl (AR
grade) solutions to get desired concentrations of inhibitor
solution ranging from 20 to 100 ppm. Mild steel specimens of
the following percentage of composition C = 0.07%, Mn =
0.34%, P = 0.08%, and the remaining percentage Fe were used
for the entire study. Prior to use, the specimens were abraded
successively with fine grades (1/0, 2/0, 3/0, 4/0, 5/0, 6/0, and
7/0) of emery papers. The specimens were thoroughly washed
with doubly distilled water, degreased with acetone, and then
dried at room temperature.

Figure 1. Structure of caulerpin.

Figure 2. (a) UV spectrum of caulerpin. (b) IR spectrum of caulerpin. (c) 1H NMR spectrum of caulerpin.
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Weight Loss Method. The weight loss method was carried
out on the preweighed mild steel specimens of regular form of
dimension 4 cm × 1 cm × 0.2 cm in 100 mL of 1 M HCl
solutions without and with addition of different concentrations
viz., 20, 40, 60, 80, and 100 ppm of the extract at three different
temperatures viz., 303, 313, and 323 K to study the
anticorrosion properties. The specimens were immersed for
about 2 h in test solutions. After the immersion period, the
specimens were removed from test solutions carefully, washed
with distilled water, dried, and again weighed in order to
calculate the surface coverage, inhibition efficiency, and
corrosion rate using following equations,

=
−

×
W W

W
IE(%) 100i0

0 (1)

where, W0 and Wi are the weight loss values in the absence and
presence of inhibitor, respectively.

=
×

CR
weight loss of specimen

immersion period surface area (2)

Electrochemical Method. The electrochemical experi-
ments viz., potentiodynamic polarization and electrochemical
impedance spectroscopy, were carried out using CHI Electro-
chemical analyzer model 760 D with operating software CHI
760D. The analyzer had a three electrode cell setup (CHI-
Corrosion Cell Kit) having a mild steel working electrode
embedded in a Teflon holder with exposed surface area in
corrosive environment of 0.785 cm2, a saturated calomel
electrode as reference electrode, and a platinum wire as counter
electrode. All the electrochemical experiments were conducted
for mild steel in 1 M HCl without and with different
concentrations (20, 40, 60, 80, and 100 ppm) of C. racemosa
extract at three different temperatures viz., 303, 313, and 323 K
using 100 mL of test solutions in an electrical water bath fitted
with temperature controller. Electrochemical experiments for
mild steel in 1 M HCl in absence and presence of various
concentrations of caulerpin at room temperature was also
carried out. Before each potentiodynamic polarization and
electrochemical impedance study, the electrode was allowed to
corrode freely and its open circuit potential (OCP) was
recorded as a function of time up to 30 min. After this time, the
steady state OCP, corresponding to the corrosion potential of
the working electrode, was obtained. The potentiodynamic
Tafel measurements were started from cathodic to the anodic
direction (OCP ± 300 mV) with a scan rate of 2 mV s−1 and
the parameters such as icorr, Ecorr, ba, and bc were calculated.
From icorr, the inhibition efficiency was calculated using the
following relation,

=
− ′

×
i i

i
IE(%) 100corr

0
corr

corr
0

(3)

where, icorr
0 and icorr′ are the corrosion current densities in

absence and presence of inhibitor, respectively.
Electrochemical impedance spectroscopy measurements

were carried out using ac signals of amplitude 5 mV peak to
peak in the frequency range of 0.1 to 10 000 Hz. The
electrochemical parameters such as Rct and Cdl were calculated
from EIS studies. Inhibition efficiency using Rct was calculated
using the following equation,

=
−

×
R R

R
IE(%) 100ct(i) ct(b)

ct(i) (4)

where, Rct(i) and Rct(b) are the charge transfer resistances in
presence and absence of inhibitor, respectively.

FT-IR Analysis. FT-IR spectra were recorded with a
frequency ranging from 4000 to 400 cm−1 for the extract as
well as the extract adsorbed on mild steel in 1 M HCl solution
in KBr matrix using FT-IR JASCOW 460 plus model
instrument.

AFM Analysis. For AFM analyses, mild steel specimens
with dimension of 1 cm × 1 cm × 0.2 cm were immersed in test
solution without inhibitor as well as in test solution containing
25 ppm of inhibitor for 2 h at room temperature. Then, the
samples were properly washed with doubly distilled water and
dried in warm air. The exposed mild steel specimens were
subjected to AFM analysis using a Nanosurf Easyscan2
instrument.

■ RESULTS AND DISCUSSION
Structure of PhytoconstituentCaulerpin. The red

solid (mp 308 °C) obtained from the petroleum ether−
chloroform (1:1) showed maximum absorption at λmax 269 and
315 (Figure 2a) which suggested the presence of carbonyl
functions in conjugation with aromatic ring system. This was
supported by the IR (Figure 2b) absorption bands at 1687 and
1630 cm−1 in the IR spectrum. The bands at 3382 and 1612
cm−1 are responsible for the stretching and bending frequencies
of the NH group, respectively. The strong aromatic
character is indicated by the bands at 3054, 1487, and 1443
cm−1, and bands at 730 and 919 cm−1 could be correlated to
the presence of aromatic ring system. The 1H NMR (Figure 2c)
spectrum showed the presence of 18 protons. The chemical
shift values are at δ 3.8 ppm (6H, s, 2 × OCH3), δ 7.0−7.6
ppm (8H, m, Ar H), δ 8.04 ppm (2H, s, 2 × CH) and δ
9.1 ppm (2H, s, 2 × NH). The δ values at δ 7.0−7.6 ppm
and 8.04 ppm suggested the presence of two identically
condensed aromatic rings. From the results observed from
spectroscopic investigations, the isolated compound was
characterized as caulerpin. The spectral data are in good
agreement with the previous reports on caulerpin.34,36

Weight Loss Studies. The corrosion rate and inhibition
efficiency of mild steel exposed to 1 M HCl at 303 K as a
function of concentration of C. racemosa is shown in Figure 3. It
is observed that at 303 K, the corrosion rate of mild steel
decreased and inhibition efficiency increased on increasing the
extract concentration. This behavior could be attributed to the
increase in adsorption of the extract at the mild steel/acid
interface while increasing the concentration of C. racemosa. The
extract showed maximum inhibition efficiency of 83% in HCl
medium at an optimum concentration of 100 ppm at 303 K.
Further increase in extract concentration did not produce
significant changes in inhibition efficiency. To study the effect
of temperature on the corrosion inhibition properties, mild
steel specimens were exposed to the acid solution containing
various concentrations of the extract at three different
temperatures such as 303, 313, and 323 K. The calculated
corrosion rate and inhibition efficiencies are shown in Figure 3.
The corrosion rate values increased and the inhibition efficiency
decreased with increase in temperature. This is due to the fact
that, at higher temperatures, the metal dissolution process is
enhanced and the adsorbed inhibitor molecules are partially
desorbed from the surface of metal.13
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Electrochemical Studies. Potentiodynamic Polarization.
The anodic and cathodic polarization curves for the corrosion
of mild steel in 1 M HCl with different concentrations of C.
racemosa extract at three different temperatures viz., 303, 313,
and 323 K are depicted in Figure S1 in the Supporting
Information. The values of corrosion current density (icorr), the
corrosion potential (Ecorr), the anodic Tafel slopes (ba), the
cathodic Tafel slopes (bc), and the inhibition efficiency (IE) as
a function of the extract concentrations at temperatures (303,
313, and 323 K) are listed in the Supporting Information
(Table S1).
The addition of C. racemosa extract diminishes the corrosion

current density values significantly at all temperatures. At

increasing concentrations of extract, the icorr values decreased
whereas IE values increased. Maximum IE was obtained for 100
ppm of the extract concentration at 303 K. At higher
temperatures, the IE values were found to decrease with
increase in temperature, which could be due to weakening of
adsorption process at higher temperatures.
From the Figure S1 (Supporting Information), it can be seen

that, the cathodic domain decreased with increase in extract
concentration. But at 323 K, there was a small change observed,
which may be due to high temperature of reaction medium,
indicating the inhibition of hydrogen evolution reaction.
Further, the parallel cathodic Tafel curves indicated that the
hydrogen evolution reaction is activation controlled and the
reduction mechanism is not affected by the addition of C.
racemosa extract.37,38 The unchanged cathodic domain curves
also indicated the inhibitive action of the extract by simply
blocking the active sites of the metal surface. In the anodic
region, the curves are parallel, but in some cases, the
acceleration of anodic reactions could also be observed. But
the addition of extract did not change both cathodic and anodic
slope values significantly indicating the mixed mode behavior of
inhibitor. Further, the Ecorr values were also not shifted to any
particular region supporting the mixed mode action of
inhibitor. Similar results have also been observed for mild
steel in 1 M HCl in absence and presence of various
concentrations of caulerpin (Figure 4) at 303 K. Maximum
IE of 80% (Table 1) was obtained for 25 ppm of caulerpin. The
result revealed the anticorrosion ability of caulerpin. Thus from
the results of the above study, it is certain that anticorrosion
property of C. racemosa could be influenced by caulerpin.

Electrochemical Impedance Spectroscopy. In order to find
information about the kinetics of mild steel corrosion in the
presence of extract, the electrochemical process taking place at

Figure 3. Concentration of C. racemosa extract vs corrosion rate and
percent of IE.

Figure 4. Tafel plots of mild steel in 1 M HCl without and with different concentrations of caulerpin.
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the open-circuit potential was studied by electrochemical
impedance spectroscopy (EIS). The recorded spectrum for
mild steel at 1 M HCl in the presence of different
concentrations of the extract at various temperatures viz.,
303, 313, and 323 K are shown in Figure S2 in the Supporting
Information. The diameter of Nyquist plots increased with
increase in extract concentration indicating the strengthening of
protected layer formed by inhibitor molecules. The impedance
diagram (Nyquist) contained a depressed semicircle with the
center under the real axis. Such a behavior is characteristic for
solid electrode which may be the result of surface roughness,
dislocations, distribution of the active sites, or adsorption of the
inhibitor molecules.39 An equivalent circuit was introduced to
explain the EIS data as shown in Figure 5. For the iron/acid

interface model, this circuit is generally used to describe EIS
data. In this circuit, Rs is solution resistance, Rct is charge
transfer resistance, and CPE is a constant phase element. The
impedance function of the CPE is as follows:

ω= − −Z Y j( ) n
CPE

1
(5)

where, ZCPE is impedance of CPE, Y is proportional factor, ω is
angular frequency, and n is surface irregularity. The CPE, which
is considered as surface irregularity of the electrode, causes
greater depression in the Nyquist semicircle, where the metal−
solution interface acts as a capacitor with an irregular surface. If
the electrode surface is homogeneous and planar, the
exponential value (n) becomes equal to 1 and the metal−
solution interface will behave as a capacitor with a regular
surface.
The simulation of the observed results with Randle’s model

containing constant CPE instead of capacitance and charge
transfer resistance (Rct) showed good agreement with
experimental data. The calculated parameters from EIS data
for the corrosion of mild steel in 1 M HCl in presence of C.
racemosa extract at various temperatures are listed in the
Supporting Information (Table S2). The Rct values increased
and Cdl values decreased with increase in extract concentration
which revealed the decrease of the corrosion of mild steel with
increase of extract concentration. Decrease in Cdl values could
be attributed to decrease in local dielectric constant/increase in

the thickness of the protective layer formed by inhibitor
molecules. This observation supported the adsorption of
inhibitor at mild steel/solution interface. The lesser value of
n for 1 M HCl shows the surface inhomogeneity and
roughening of metal surface caused by corrosion. The reduction
of n values with addition of inhibitor indicated the reduction of
surface inhomogeneity due to the adsorption of extract
molecules over the surface of mild steel.
EIS experiments conducted with different concentrations of

C. racemosa at various temperatures (303, 313, and 323 K)
showed a decrease of inhibition performance with rise of
temperature. Decrease of charge transfer resistance (Rct) values
and increase of double layer capacitance (Cdl) values result in a
decrease in inhibition efficiency. The decrease in IE at higher
temperatures agreed well with the results of weight loss and
potentiodynamic polarization studies.40 The same trend in
results were observed for mild steel in 1 M HCl medium in the
absence and presence of various concentrations of caulerpin
also (Figure 6). Maximum IE of 85% (Table 2) was shown by
caulerpin at a concentration of 25 ppm. Thus the results of EIS
confirmed the corrosion inhibition potential of C. racemosa and
caulerpin.

Adsorption Isotherm. The adsorption isotherm can provide
adequate information about the interaction of inhibitor
molecules with metal. Organic corrosion inhibitors decrease
the corrosion of metal through the adsorption on the surface of
the metal followed by the formation of protective layer. The
adsorption is usually regarded as a substitution process between
the organic molecules present in the inhibitor and water
molecules adsorbed at the metal−solution interface.41 To study
adsorption behavior of C. racemosa extract, various isotherms
were used, and it was found that the Temkin isotherm fitted
with the experimental data well. Figure S3 in the Supporting
Information shows the Temkin isotherm of mild steel in 1 M
HCl solution with various concentrations of the inhibitor at
various temperatures. The free energy of adsorption values
(ΔGads) were calculated using Temkin isotherm by the
following equation.

Δ = −G RT Kln(55.5) (6)

In the above equation, 55.5 is molar concentration of water.
The value of −ln K was calculated from the slope of the
Temkin isotherm. The calculated ΔGads values are listed in
Table S3 (Supporting Information). The negative sign of ΔGads
values indicated the spontaneity of adsorption. The ΔGads
around −30 kJ mol.−1 confirmed the physisorption of the
extract over the surface of mild steel. The physisorption may
occur due to the interaction of π electrons of the inhibitor and
metal.42

Activation Parameter. From weight loss measurements
carried out at three different temperatures viz., 303, 313, and
323 K, Arrhenius plots were drawn (Figure S4 in the
Supporting Information). The activation energy of corrosion
of mild steel in 1 M HCl in absence and presence of the
inhibitor was calculated from the slope of the Arrhenius plots
using following equation,

=
−

+
E

RT
Aln CR lna

(7)

The Ea values calculated from the equation were listed in the
Supporting Information (Table S4). As can be seen from the
table, Ea values increased with the increase in the concentration
of inhibitor. This is due to the fact that, after the addition of

Table 1. Electrochemical Parameters of Mild Steel Obtained
by Potentiodynamic Polarization Method in 1 M HCl
Containing Different Concentrations of Caulerpin

S.
no.

conc
(ppm)

ba mV
dec−1

bc mV
dec−1

−Ecorr
mV

icorr μA
cm−2

% of
IE

1. 0 87 135 453 245
2. 5 92 157 461 149 39
3. 10 86 165 451 105 57
4. 15 74 153 461 86 65
5. 20 92 170 446 59 76
6. 25 88 154 470 48 80

Figure 5. Equivalent circuit model.
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inhibitor, the energy barrier of corrosion reaction increased
which resulted in the inhibitive action of C. racemosa extract.43

FT-IR Analysis. Figure 7 shows the comparison of the IR
spectra of the C. racemosa extract with that of extract adsorbed

on mild steel, which showed a shift from 3380 to 3398 cm−1

(NH stretching of indole nucleus). The band corresponding
to CC at 1461 cm−1 disappeared due to the interaction of π
electrons of aromatic rings with metal. The band at 1563 cm−1

of NH bending disappeared in spectral line b, which
confirmed the interaction of NH group with metal. The
shift of CO and CO stretching frequency from 1743 to
1740 cm−1 and from 1263 to 1056 cm−1, respectively,
confirmed the adsorption of organic molecules of C. racemosa
on mild steel.

AFM Analysis. AFM is a dynamic tool to examine the surface
morphology at nano to micro scale level and has become a new
choice to study the nature of protective layer formed over the
surface of mild steel.11 Figure 8a−c, showed the AFM 3D
images of polished mild steel, mild steel in 1 M HCl without
inhibitor, and mild steel in 1 M HCl with 25 ppm of inhibitor,
respectively. As can be seen from the AFM images, the surface
is very clear for polished mild steel specimen (Figure 8a)
whereas in mild steel immersed in 1 M HCl (Figure 8b) the
surface is severely damaged by aggressive acid solution. In
Figure 8c, the surface is protected from acid attack by the
protective layer formed by the inhibitor molecules. From the
AFM images, the average roughness factor (Sa) was calculated
as 74.59, 558.34, and 131.89 nm for polished mild steel, mild
steel in 1 M HCl without inhibitor, and mild steel in 1 M HCl
with 25 ppm of inhibitor respectively which clearly indicated
that the surface of mild steel has been protected by inhibitor
molecules. From the results, it is clear that the inhibition of
mild steel corrosion in 1 M HCl is mainly due to the formation
of protective layer by adsorption of inhibitor molecules over the
surface of mild steel.

Mechanism of Inhibition. The increase in inhibition
efficiency of C. racemosa extract with increase in concentration
showed that, the inhibitor molecules are adsorbed on the mild
steel surface at higher concentration, leading to greater surface

Figure 6. Nyquist plots of mild steel in 1 M HCl without and with different concentrations of caulerpin.

Table 2. Electrochemical Parameters of Mild Steel Obtained
by EIS Method in 1 M HCl Containing Different
Concentrations of Caulerpin

S. no. conc (ppm) Rct Ω cm−2 Cdl μF cm−2 n % of IE

1. blank 98 82.3 0.803
2. 5 149 73.6 0.794 34
3. 10 255 56.2 0.789 62
4. 15 353 53.3 0.777 72
5. 20 519 47.4 0.765 81
6. 25 635 44.5 0.758 85

Figure 7. IR spectra of C. racemosa extract and extract on mild steel.
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coverage (θ). It is a well-known fact that, the first step in the
adsorption of an organic inhibitor over mild steel involves the
replacement of water molecules from metal surface by inhibitor
molecules.
The mixed inhibition mechanism suggested by the polar-

ization data is in accordance with the findings of Oguzie et al.44

and those of El Azar et al.45 on the adsorption behavior of
organic molecules containing N atoms. In acid solutions,
organic inhibitors may interact with the corroding metal and
then retard the corrosion reaction in more than one way,
sometimes simultaneously. It is therefore often difficult to
assign a single general mechanism, since the mechanism may
change with experimental conditions. Nitrogen containing
compounds tend to favor physisorption.46

It is likely that, the groups such as −NH, ester, and aromatic
moiety present in the C. racemosa extract are readily protonated
in HCl solutions. Both molecular and protonated species can be
adsorbed on the metal surface. The adsorption of protonated
−NH group can occur on the preadsorbed chloride ions on
metal surface. Adsorption of protonated −NH group on the
cathodic sites on mild steel surface retards hydrogen evolution
reaction. Adsorption on the anodic sites of mild steel surface
occurs via aromatic (π electrons) and ester groups to retard
mild steel dissolution process. Adsorption of inhibitor
molecules on mild steel surface is assisted by hydrogen bond
formation between the extract and metal, which is evident from
IR spectra (Figure 7). This type of adsorption is more prevalent

for protonated inhibitors, because the positive charge on the N
atoms is conducive to the formation of hydrogen bonds.47 C.
racemosa thus has the ability to influence both the cathodic and
anodic partial reactions, giving rise to the mixed mode of
inhibition.

■ CONCLUSION

From the results, it is obvious that C. racemosa acts as a good
inhibitor for corrosion of mild steel in the 1 M HCl solution.
The inhibitor prevents the corrosion in a dose dependent
manner. Inhibition efficiency of C. racemosa extract decreased
with the increase in temperature, which is due to the
physisorption. Adsorption of C. racemosa on mild steel obeyed
the Temkin isotherm. The results of Arrhenius plots revealed
the inhibition potential of C. racemosa. From the electro-
chemical studies, it is evident that C. racemosa and also its major
chemical consituent caulerpin act as a mixed type inhibitors in 1
M HCl solution. AFM and IR spectra results supported the
surface film formation over the surface of mild steel by
inhibitor. The study carried out with caulerpin clearly revealed
that the corrosion inhibitive effect of C. racemosa could be
correlated to the presence of caulerpin along with synergistic
influence of other phytoconstituents.

Figure 8. AFM 3D images of (a) polished mild steel, (b) mild steel in 1 M HCl without caulerpin, and (c) mild steel in 1 M HCl with 25 ppm of
caulerpin.
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