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Protection effect of ethanol extracts of Tapinanthus dodoneifolius leaf (TD extract) on
corrosion of annealed carbon (FE164531) in 2 M HCI and 3.5% NaCl solution has been
investigated by weight loss and electrochemical techniques. Surface morphology and
elemental analysis was carried out on the corroded specimens using Scanning Electron
Microscope/ Energy Dispersive X-ray Spectroscopy (SEM/EDS) to augment results obtained.
The data obtained from weight loss revealed that the corrosion protection potentials of TD
extract is temperature-concentration dependent. The effectiveness of protection against the
corrosive environment increased with increasing TD extract concentration which decreased
with increased temperature. Electrochemical polarization data showed TD extract
suppressed both the cathodic and anodic processes on FE164531 specimen surface.
Calculated thermodynamic parameters showed that TD extract adsorption process was
spontaneous with likely electrostatic interactions which propose physical adsorption, a
phenomenon consistent with unfavorable adsorption with increasing experimental
temperature. The elemental analysis data show the presence of TD extract species on
FE164531 surface supporting strong adsorption of extract constituents on the metal surface
while SEM showed lesser corroded surface in the presence of TD extract.
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1. Introduction

The low corrosion resistance of pure carbon steel is
attributed to its incapacity to build up protective layer on the
surface which controls the chemistry of the environment.
Carbon steel which is the most cost effective engineering
material can safely be operated in corrosive service conditions
if corrosion control systems are properly designed and imple-
mented. The use of inhibitors is widely accepted as paramount
in cases of corrosion prevention. Moreover, some industrial
divisions such as acid pickling, descaling processes, pipelines,
chemical operation units, steam generators, oil and gas
production units are all involved with inhibitors due to high
corrosion rates in its process [1-4]. Due to increasing environ-
mental awareness, researches on corrosion protection have
moved attention to nontoxic inhibitors. Biomass extracts as
metal corrosion inhibitors is beneficial in many respect and
possess features for next generation corrosion inhibitors on
the basis that they are inexpensive, readily available, nontoxic,
and more especially, can provide a broad spectrum action
based on the numerous molecular composition present in the
aqueous extract among others [5]. Several authors have repor-
ted on the use of biomass extract to mitigate corrosion of

carbon steel, mild steel, stainless steel, aluminum, magnesium
and many other metal/alloys in both acid and alkaline
solutions [6-11]. Numerous advantageous use of biomass
extracts among others include that they are biodegradable,
renewable and contain a number of organic compounds with
similar electronic structures and functions that are compa-
rable to conventional organic corrosion inhibitors.

Some authors believe that corrosion inhibitor efficiency
basically point to their molecular structure [12-16] while the
presence of unique atoms such as N, O and S in heterocyclic
compounds has been widely reported to be an effective factor
that enhances protection efficiency of inhibitors [17-20].

The current study presents the experimental assessment
of the adsorption and corrosion inhibiting efficacy of ethanol
extracts of Tapinanthus dodoneifolius leaves on annealed
carbon in 2 M HCl and 3.5% NaCl solution corrosion. The
experimental data were fitted into Langmuir adsorption
isotherm while the effect of temperature gave thermodynamic
parameters such as AHags and ASags. In addition to the experi-
mental assessment, elemental analysis was done on the
corroded surface to ascertain the presence of TD extract on the
surface.
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2. Experimental
2.1. Material preparation

Experiments were conducted using annealed carbon
sheets of 99.5% purity obtained from Advent Research
Materials (Eynsham, Oxford, England) with elemental compo-
sition (ppm) similar to the one presented elsewhere [21]. The
annealed carbon sheet was press-cut into 4.0x4.0x0.1 cm
dimensions as specimen with a hole of 1 mm drilled at the
middle upper edge of specimen and were further abraded with
metallographic emery paper of fineness pp1000. The
specimens were prepared as described in our previous work
[21] however, the extract was concentrated using rotatory
evaporator. Inhibitor test solutions were prepared from the
concentrate as described by Njoku et al, [5] to get the desired
concentrations. All test solutions were freshly prepared from
analytical grade chemical reagent using bidistilled water while
data analyses were carried out using Origin Pro8 Data analysis
station and graphing workspace.

2.2. Weight loss

Previously cleaned FE164531 specimens were weighed to
determine the initial weight thereafter, suspended under total
immersion conditions in 250 mL beakers containing aerated
and unstirred 200 mL test solutions, using glass hooks and
rods. To determine the weight loss, the beakers were placed in
a freely aerated thermostated water bath as reported by
Oguike et al, [21]. All tests were run in triplicate to verify the
reproducibility of the results and the average data were
reported. The weight loss experiment was realized using a B.
BRAN digital weighing balance of the range 0.0001 to 160 g.

2.3. Electrochemical technique

The FE164531 specimens were further machined
mechanically into dimensions of 1.5x1.5 cm? for the electro-
chemical experiments. Each specimen was appropriately
sealed with thermosetting resin leaving exposed only 1.0 cm
squared total surface area. The bare surface area was
cautiously degreased using the procedure described for the
weight loss experiment. Electrochemical test was conducted in
a three-electrode corrosion cell as reported by reference [5].
Graphite rod and saturated calomel electrode (SCE) were used
as counter and reference electrodes respectively while
FE16451 was the working electrode. Measurements were
performed in aerated and unstirred solutions at the end of 1 h
immersion at open circuit potential (OCP) versus SCE.
Potentiodynamic polarization scans were obtained within
potential range of -0.25 mV to +1.6 mV vs. SCE and at a scan
rate of 0.33 mV/s. Each experiment was run in triplicate to
verify the reproducibility of the systems.

2.4. Surface characterization

The morphologies of the corroded FE164531 surfaces
after 45 h of immersion were inspected on Vega Tescan
scanning electron microscope, resolution 80 Angstroms,
magnification range: 10x - 180000x, SE detector, HV 20.0 kV.
FE164531 specimens were attached on top of an aluminum
stopper by means of 3.0 M carbon conductive adhesive tape
(SPI). The FE164531 specimens were coated with an ultra-thin
coating of gold deposited on the surface using Quoirum
Q150RS (Zeiss Systems, Germany) gold plating machine. This
was done after the EDS spectra analysis. The Energy
Dispersive X-Ray Emission Spectroscopy (EDS) were recorded
in a VG TC INCA PentaFETx3 spectrometer with Mg K-X-ray
source (1486.7 eV photons energy) operated at 300 W
(accelerating voltage 12.5 kV, emission current 24 mA). The
pressure in the analysis chamber did not exceed the value of

2.66x10-¢ - 4.0x10-¢ Pa during the entire period of spectra
acquisition. All spectra were deconvoluted with EDS INCA
software.

3. Results and discussions
3.1. Gravimetric results

The corrosion rate (mm.y!) for FE164531 specimens
immersed in 2.0 M HCl and 3.5% NaCl solutions in the absence
and presence of TD extract at varying temperatures are
presented in Figure 1 while the protection exerted by different
concentrations of TD extract as a function of temperature are
shown in Figure 2. The result showed that TD extract appre-
ciably retards the corrosion rate of FE164531 specimen in
both 2.0 M HCl and 3.5% NaCl solutions indicating inhibition of
the corrosion process. The protection efficiency (P%) of the
extract was quantitatively evaluated by computing the ratio of
corrosion rates in the presence of inhibitor (CRz) with that in
absence of the inhibitor (CR1) as follows;

(1R
Po% = (1 CRI) x 100 1)

The results presented in Figure 2 show that protection
efficiency increased with TD extract concentration but
decreased with increased temperature. The protection
efficiencies observed for TD extract in 2.0 M HCl and 3.5%
NaCl solutions had their optimum at 1000 mg/L with
temperature 303 K which indicates that the surface coverage
of the substrate by the TD extract inhibitor attended an
optimum level within low temperature.
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Figure 1. Corrosion rate (mm.y-1) of FE164531 specimen as a function of TD
leaf extract concentration and temperature determined by the weight loss
(a) 2 M HCl solution (b) 3.5 % NaCl solution.
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Table 1. Corrosion parameters obtained from potentiodynamic polarization scan for FE164531 in 2 M HCI solution in the absence and presence of TD leaf
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extract.
Solution Parameters

icorr (WA/Ccm?) Ecorr (mV(SCE)) 0 P: %
Blank 5006.1 -357.28 - -
10 mg/L 2409.18 -452.1 0.5188 51.88
100 mg/L 722.66 -453.9 0.8556 85.56
1000 mg/L 326.45 -467.8 0.9348 93.48

Table 2. Corrosion parameters obtained from potentiodynamic polarization scan for FE164531 in 3.5 % NaCl solution in the absence and presence of TD leaf

extract.
Solution Parameters
icorr (LA /cm?2) Ecorr (mV(SCE)) [ P %
Blank 27.53 -695.72 - -
100 mg/L 17.50 -710.35 0.3643 36.43
1000 mg/L 18.41 -680.68 0.3312 33.12
80 densities of both hydrogen gas evolution reactions (2H* + 2e —
;:: N :zo'"g";LT?D Hz) that is, cathodic corrosion process and the metal
1 —— mgi . . . 2 . . .
68 3 1000 mg/L T dissolution _reactlon (Fe - l_Te +. + 2e) that is anodic corrosion
64 process. This observed mitigation of both processes to some
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»
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extent implies that TD extract functioned as a mixed-type
inhibitor. However, except for the shift in the negative of Ecorr,
the polarization plots for all systems revealed that TD extract
did alter the corrosion mechanism of the metal. The decrease
in corrosion current density points to the fact that the
inhibitor reduced material dissolution via adsorption on
FE164531 surface. A different scenario was observed in 3.5%
NaCl solution as seen in Figure 4. The introduction of TD
extract did not shift the rest potential but a decrease in anodic
current was noticed which further decreased with increasing
concentration up to the optimum at 1000 mg/L. As observed
(Table 2), TD extract had poor protection efficiency in 3.5%
NaCl solution as recorded in the weight loss experiment and
we decided to report results for 100 and 1000 mg/L of the

45

s —=— 10mglL T extract. This poor protection efficiency is attributed to the

—— m - - . . P

39 _._:2:0,::]::0 action free Cl- ions migrating through and undermining the

%] e adsorbed TD extract layer on the metal surface. From Table 1,
= 33] it is also clear that addition of TD extract decreased the
& 3] magnitude of the corrosion current density and as well slightly
g 7] shifted Ecor towards more negative values. The value of
é 24 corrosion current density in absence (jeorr-free) and presence
S 2 ] (jeorr-inb) of different concentration of TD extract were used to
g 18 quantify the magnitude of the protection efficiency (Pe%)
5 15 using the Equation (2);
a 124

o] Pe% = (1—Jeomm=ioh ) x 100 )
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Figure 2. Protection efficiency (P%) of TD leaf extract on FE164531 speci-
men as a function of temperature (a) 2 M HCI solution (b) 3.5 % NaCl
solution

3.2. Potentiodynamic polarization results

The potentiodynamic polarization plots help show the
distinct effects of any inhibitor on the anodic and cathodic
dissolution half reactions of various corrosion reactions.
Representative polarization plots for the metal in 2.0 M HCI
and 3.5% NaCl solutions in the absence and presence of
different concentrations of TD extract are presented in Figure
3 and 4. The extracted polarization parameters obtained by
extrapolation of Tafel slope are listed in Table 1 for FE164531
in 2.0 M HCI solution while Table 2 records the values for
FE164531 in 3.5% NaCl solution, which were obtained by
extrapolating the sequential division of the anodic and
cathodic curves to the potential x-axis (Tafel extrapolation). It
is clear from Figure 3, that TD extract decreased the current

concentration, in agreement with the gravimetric data.
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Figure 3. Potentiodynamic polarization curves for FE164531 specimen in
aerated solution of 2 M HCI solution in the absence and presence of TD
extract.
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Table 3. Thermodynamic activation parameters of TD leaf extract adsorption on FE164531 specimens.
Sample 2MHCl 3.5 % NaCl
AS*ads (x1018) J/mol.K AH*a4s (x1021) J/mol rz AS*ads (x1019) J/mol.K AH*ags (x1020) J/mol rz
Blank -3.41 2.85 0.8399 -1.11 5.87 0.9639
10 mg/L -3.05 297 0.8382  -1.09 6.72 0.9603
100 mg/L -2.54 3.15 0.8242  -1.05 8.03 0.9788
1000 mg/L -0.44 3.85 0.9277 -0.97 10.49 0.9902
164 ook (Figure 6b) might be NaCl crystals that were not washed out
144 __100mgiL TD during rinsing after the immersion test. The corrosion prone
1.2 ——1000mg/L TD FE145631 surface confirms the unstable state of FeO which
1.0 actually oxidizes to soluble Fe;03 and Fe304 via the equation
o %1 below:
g 06
E g::: 3Fe0 + 0?2~ - Fe;0, + 2e 4)
]
§ g‘z’ 2Fe;0, + 02~ - 3Fe,0; + 2e (5)
* 04
-0.6 | 14:] = Blank
0.8 1.2 4 ® 10mg/L
-1.0 10_‘ A 100 mg/L
4 v 1000 mg/L
.24 UMb LA LA AL N RLILALL B AL B LR | 0.8-
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Current density (mA/cm’) % 0'6__
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Figure 4. Potentiodynamic polarization curves for FE164531 specimen in E 02] ]
aerated solution of 3.5% NaCl solution in the absence and presence of TD E ]
extract. (; 0.0—_
2 .2 -
3.3. Thermodynamic consideration 04 .
1 A
Thermodynamic functions for dissolution of FE164531 in _::_—
2 M HCI and 3.5% NacCl solution in the absence and presence of o v
TD extract were obtained by applying the transition state 10 —
equation below; 0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330
RT AS AH e @
- *ads *ads
CR = () exp (*532) exp (73%) ®) : : : :
016 m
] B blank
where, CR is the corrosion rate, N is Avogadro’s number, h is 0.24 ®  10ppm
plank’s constant, T is absolute temperature and R is universal g A 100ppm
gas constant. -0.324 ¥ 1000ppm
Transition state linear plots of TD extract action shown in < -0.40
Figure 5 has a slope of (-AH*/2.303-R) and intercept of :; 1 J
[Log(R/N.h) + (AS/2.303.R)] from which the values of AH* and E '°'43'_
AS* were evaluated. Obtained data indicates that TD extract 5 -0.56
had high activation enthalpy and entropy values with the 2 1 4
entropy values being higher in 3.5% NaCl solution which N '0'64__
produced more disorderliness and lower protection efficiency. -0.72 -
Table 3 shows the values acquired from the transition state 080 ] 4
plot for enthalpy of activation and entropy of activation for the ]
dissolution and inhibition of FE164531 in both solutions. The -0.88
positive sign of AH* shows the endothermic nature of the 1 , : . : : .
process suggesting increase in temperature increases dissolu- 0.00301 0.00308 0.00315 0.00322 0.00329
tion and retards protection efficiency. The entropy of UT(K') ®)

activation (AS*) values were negative indicating a spontaneous
process of dissolution and the presence of TD extract induced
an orderly fashion as the values were seen to decrease
negatively via adsorption occurring at the metal surface.

3.4. SEM/EDS analysis results

The obtained micrographs of representative areas of
corroded FE145631 surface after 45 hours of immersion in 2
M HCI and 3.5% NacCl solution in absence and presence of TD
extract are shown in Figure 6 and 7. The surface examination
revealed that the FE145631 specimen was severely corroded
in 2 M HCI solution revealing rough and nodular surface with
shallow pits distributed over the surface while in 3.5% NaCl
solution, the surface was corroded with high density spherical
pits all over. The observed precipitates on the metal surface

Figure 5. Transition state theory plot of TD extracts on FE164531 specimen
in (a) 2 M HCI, (b) 3.5% NaCl solution.

Fe304 is known to form protective film on Fe surface that is
not compact and quickly oxidize to Fe203 that is porous and
leaf Fe surface into the bulk solution enhancing dissolution of
the protective film (if any). TD extract is seen to have protect-
ted the surface to a good degree due to complex chelating
ligands formed with Fe atoms. As expected, due to the electron
affinity Fe atoms has for nitrogen and sulphur atoms, TD
extract molecular composition might directly adsorb on a
molecular plane parallel to FE145631 surface to form S-Metal-
N chelate ligands as confirmed by the EDS analysis spectra.
This is in concession with the findings of Kosari et al. [22].
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Figure 6. SEM micrographs of FE145631 surface after immersion for 45 h in (a) 2 M HCI (b) 3.5% NaCl solutions without inhibitor.
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Figure 7. SEM micrographs of FE145631 surface after immersion for 45 h in (a) 2 M HCI (b) 3.5% NaCl solutions with TD extract as inhibitor.

The corroded FE145631 in 3.5% NaCl solution showed
straight groves on the surface as a result of corrosion along
mechanical faults caused during mechanical polishing of the
metal surface. TD extract is seen to adsorb along these
mechanical faults as they were barely visible (Figure 6), an
indication that TD extract could sufficiently protect Fe surface
in various media effectively.

3.5. Elemental analysis

Energy dispersive X-ray analysis gave additional informa-
tion about the protection mechanism of the extract consti-
tuents. It is widely accepted that the process of inhibiting
corrosion is associated with formation and growth of insoluble
stable film on metal surface through the process of comp-
lexation of the inhibitor molecules [22]. EDS analysis of the
corroded specimen surfaces after immersion test was
performed to characterize any surface film and corrosion
deposits formed. The results obtained are as shown in Figure
8-11. The results for 2 M HCI solution with the inhibitor
extract presented in Figure 9 reveals high oxygen peak signal
suggesting that the main corrosion product of carbon steel in
HCI is a non-stoichiometric Fe3+ oxide/oxyhydroxide, consis-
ting of a mixture of FeO(OH) and Fe203, where FeO(OH) is the
main phase as reported by Samide et al. [23]. The high peak for
carbon atoms appeared in the inhibited specimen suggest an
interaction of carbon molecules with the specimen surface via
electrostatic interaction, moreover, the high strength of peak
could be from the carbon tape (SPI) used for the specimen
stub. The presence of oxygen as well as minor amount of
sulphur, nitrogen and chlorine disclosed by EDS analysis

indicates the presence of iron oxide and complexing ligands of
S and N on the specimen surface. The EDS spectra confirmed
that the corrosion products that formed on FE145631 was
FeO, possibly with traces of (N-Fe-S)ads and (Fe-Cl-TD)ads.
This agrees with the view of El-Sayed [24] that inhibition
process involves the formation of chelate on the metal surface
via electron exchange that leads to coordinate covalent bond.
The EDS spectra for Fe in 3.5% NaCl solution included
phosphorrous and potassium atoms indicating more
adsorption sites on FE surface. The presence of silicon and
sodium atoms is suspected to be due to the precipitates from
the NaCl solution.

Full Scale 1525 cts Cursor: 0.000 ke
El t Weight % Atomic %
C 32.79 69.29
Cl 0.63 0.45
Fe 66.58 30.26
Totals 100.00 100.00

Figure 8. EDS analysis of the corrosion products on FE145631 surface in 2
M HCI solution without inhibitor.



Oguike et al. / European Journal of Chemistry 8 (2) (2017) 168-173 173

J 1 2 3 4 5 ] 7 8 9 10
Full Scale 1525 cts Cursor: 0.000 ke
El t Weight % Atomic %
C 9.45 22.57
N 0.68 1.39
(0] 23.10 41.40
N 0.10 0.09
cl 1.06 0.86
Fe 65.61 33.69
Totals 100.00 100.00

Figure 9. EDS analysis of the corrosion products on FE145631 surface in 2
M HCI solution in the presence of TD extract.

J 1 2 3 4 5 6 7 8 9 10

Full Scale 1525 cts Cursor: 0.000 keV
El t Weight % Atomic %
C 3.35 832
0 29.94 55.86
cl 0.53 0.45
Fe 66.19 35.37
Totals 100.00 100.00

Figure 10. EDS analysis of the corrosion products on FE145631 surface in
3.5% NaCl solution without inhibitor.

Full Scale 1525 cts Cursor: 0.000 keV,
Element Weight % Atomic %
C 49.30 65.52
N 10.77 12.28
(o] 13.65 13.62
Na 1.22 0.85
Si 0.10 0.06
P 0.10 0.05
S 0.39 0.20
cl 2.05 0.92
K 0.78 0.32
Fe 21.63 6.18
Totals 100.00 100.00

Figure 11. EDS analysis of the corrosion products on FE145631 surface in
3.5% NaCl solution in the presence of TD extract.

4. Conclusions

The objective of this study was to assess TD leaf extract for
corrosion protection ability on annealed iron (FE145631) in 2
M HCI and 3.5% NaCl solution and to attempt explaining the
protection process. Our results did show that corrosion

protection was achieved via the organic species from the leaf
extract found on the Fe surface as a result of adsorption. One
of the interesting conclusions from this study is that the
adsorbed organic species modified the nature of the
passivation potential the metal exhibited in both media which
remarkably improved positively the adsoprtion activation
enthalpy. We have also used SEM/EDS to characterize the
extent of protection and possible corrosion products on Fe
surface. The results showed reasonable peaks for N, O and S
attributed to spontaneous adsorption of the leaf's constituents
on the Fe surface, hence credited responsible for the observed
corrosion inhibiting efficacy of TD leaf extract.
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