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Abstract
An alternative green approach through which nanoscience/nanotechnology could be applied in the industry is being 
demonstrated in this study. Ethanol extracts of Allium cepa peels (Et-ACPE) is used to mediate the synthesis of silver 
nanoparticles (Et-AgNPs) at room temperature. Stable crystalline, monodisperse and non-agglomerated spherical NPs 
with zeta potential of −46.2 ± 0.1 mV and plasmon absorption at 435 nm are obtained. Silver atoms are predominantly 
oriented towards the Ag (111) plane in a face centered cubic structure with a = b = c = 4.0968 Å having � = � = � = 90◦ . 
The surfaces of the NPs becomes rich in electron cloud due to O atoms supplied by capped phyto-compounds of Et-
ACPE. This enhances adsorption potential and more efficient inhibition (up to 90% at 30 °C) of X80 steel corrosion in 1 M 
HCl solution than using the crude extract. Investigation of corrosion products and morphologies of the steel surface by 
FTIR, SEM/EDS and AFM techniques reveals efficient surface protection through adsorption of Et-AgNPs facilitated mainly 
by O and –C = C– sites. Findings prove that the Et-AgNPs is a more efficient and thermally stable alternative ecofriendly 
anticorrosion additive for industrial cleaning and pickling operations than the crude extract.
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1  Introduction

Hydrochloric acid (HCl) is an important inorganic acid that 
has been extensively used as industrial cleaning solution. 
Also called muriatic acid, it is used for cleaning surfaces 
of various metals and alloys, including steel, especially to 
remove scales, rust and mineral deposits. In general, HCl 
used is for chemical cleaning/pickling of steel, reduction of 
ores and processing, industrial preparation of chlorine and 

chlorides, acid treatment of oil and gas wells and in food 
processing [1]. However, HCl is known for its high corrosiv-
ity, and depending on temperature under which operation 
is carried out and the concentration of the acid used, it can 
rather be aggressive to and corrode the surfaces meant 
to be cleaned. To ameliorate the corrosive damage, mate-
rials selection has been the practice by many industries, 
but there is limited choice for potential corrosion resistant 
materials in HCl. This is because on continuous contact of 
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the material with HCl, localized and/or general corrosion 
will still occur which may eventually result in failure of the 
material. Therefore, corrosion inhibitors need to be formu-
lated into the acid to reduce HCl corrosive attack [2].

Added in very small quantities, corrosion inhibitors (CIs) 
act by adsorbing on the substrate surface and forming a 
surface protective thin film [3]. To select CI for a given oper-
ation, cost effectiveness, low toxicity and environmental 
friendliness, efficiency at small concentrations, stability to 
varying operational temperatures and shelf life are some 
crucial factors to be considered [4, 5]. Bearing these factors 
in mind, green CIs sourced from plant extracts often afford 
combined advantage over many organic CIs. Nevertheless, 
plant extracts are not resistant to degradation by heat or 
biochemical agents, hence their application is limited to 
low temperature operations. Also, if stored for long time, 
the efficiency of plant extracts often decline [5].

In recent researches, attention has been paid to how 
plant extracts may be modified to improve stability at high 
temperatures and resistance to bio-degradation. Extracts 
have been mixed with some additives such as potassium 
iodide [6–8], acetylacetonate [9], cerium nitrate [10], zinc 
oxide and zinc salt [11–13], sulphate ions [14] and praseo-
dymium nitrate [15]. These additives enhanced the per-
formance of plant extracts by synergistic effects [5]. Reac-
tion between some active chemical compounds in plant 
extracts with metal salts may result in formation of metal 
ions complexes and/or nanoparticles (NPs) at appropriate 
biomass (extract) concentration, temperature and pH. In 
the previously listed reports [6–14] where metal salts were 
used to synergistically intensify the efficiency of the CIs, 
nothing was done to confirm if the obtained product was 
in nano scale despite that materials are more reactive at 
nanoscale.

Synthesis of plant extracts nanoparticles often involve a 
single step bio-reduction reaction that occurs within short 
time even at room temperature [16]. Though NPs can be 
prepared by various routes, bio-synthetic pathway affords 
the advantage of obtaining the inexpensive, non-toxic and 
eco-environmental NPs in large quantities. Owing to their 
vast antimicrobial activities, bio-fabricated NPs have been 
applied in agriculture, medicine and pharmaceuticals [17]. In 
comparison to other metal ions, silver nanoparticles (AgNPs) 
are the most extensively reported. AgNPs have been estab-
lished to exhibit antiprotozoal, antibacterial, antifungal and 
anticancer activities [17–21]. This has been attributed to 
slightly toxic nature of silver ions to the target. Silver ions 
reduce their growth/multiplication by tampering with their 
cell membrane [16, 18]. Although many plant extracts have 
been demonstrated to efficiently inhibit corrosion, evaluat-
ing plant extract mediated NPs as CIs has received only lit-
tle attention. In this study, we explore future research hori-
zon in corrosion protection using plant extract mediated 

nanoparticles (PEMN) especially considering that there is a 
wide variety of plant materials which could be investigated.

From available literature, PEMN with anticorrosion 
activity was recently reports by Essien and co-workers [19] 
and Idrees and co-workers [20]. They used olive leaves [19] 
and Sida acuta [20] extracts as feedstock for fabrication 
of titanium and silver nanoparticles composites, respec-
tively. For the Sida acuta mediated AgNPs potentiody-
namic polarization method only was used to monitor cor-
rosion progress in 0.5 M H2SO4 for 30 min while the biocide 
activity was more emphasized. Titanium NPs from olive 
leaves extract were to be used as adsorbents for scaveng-
ing heavy metal ions from waste water. In the process of 
studying the material, the authors also evaluated its anti-
corrosion effect. Since the obtained efficiency in HCl for 
steel was encouraging, it motivated us to evaluate extracts 
of some agro-wastes to develop more efficient biogenic 
NPs as alternative CIs for oilfield pickling. Agro-wastes are 
inexpensive and can be sustainably sourced locally as long 
as food is continually being consumed. Again, utilization of 
agro-wastes for corrosion protection eliminates competi-
tion of feedstock with food, could reduce environmental 
pollution while creating wealth from wastes.

In our previous (recent) reports, we have demonstrated 
that some PEMN using Cu, Ni and Ag ions mediated exhibit 
better inhibition potential than previously reported NPs 
[18, 21, 22]. By using silver ions as capping agent and 
Allium cepa peels extract (ACPE) as catalyst, the present 
study also aims to achieve improved efficiency. Allium 
cepa (red onion) peels is can be domestically obtained 
without the need to buy. ACPE has been to contain more 
compounds than the inner shells [23, 24] and on observ-
ing the molecular structures of some of these com-
pounds (Fig. 1) potential adsorption sites similar to those 
in reported organic corrosion inhibitors can be seen [25]. 
The availability of potential adsorption sites such as O–H, 
C–O–C, –COO– shown in Fig. 1 motivated the choice of 
ACPE as a feedstock for synthesis of the nanoscale corro-
sion inhibitor. Already, it is established that peels extract of 
red onions can inhibit steel corrosion in some aggressive 
solutions [26–28]. The present study therefore builds on 
these foundation reports and in addition provides/docu-
ments further insights on the optical/crystalline proper-
ties, adsorption behaviour and corrosion inhibition effects 
of PEMN.

2 � Experimental

2.1 � Preparation of A. cepa peels extract (ACPE)

Allium cepa peels (ACP) were obtained from sellers of 
onions at a nearby market to our university. The peels 
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were washed convincingly using de-ionized water, 
dried by spreading in the laboratory at room tempera-
ture [5]. The dry peels were ground to powdered and 
100 g of the powder was soaked in 10,000 mL absolute 
ethanol at room temperature. Filtrate was concentrated 
and dried to powder at 35 °C while the air-dried residue 
was weighed to evaluate extract yield. The extract was 
labelled Et-ACPE and stored in laboratory cupboard at 
room temperature for future use.

2.2 � Characterization of extract

The elemental composition on the surface of the extract 
was determined by energy dispersive X-ray spectros-
copy (EDS). Absorbance and wavelengths of absorp-
tion were measured by UV–Visible spectroscopy within 
400–800 nm range. The active functional groups in the 
extract was also characterized by FTIR.

2.3 � Preparation of silver nanoparticles

The extract was initially prepared into 1000 ppm con-
centration. 500 mL of 1000 ppm Et-CPE was mixed with 
1000 mL of 1 mM AgNO3 at 25–30 °C, stirred regularly 
and observed for firm colour change which indicates 
complete bio-reduction and formation of nanoparticles 
(NPs). The nanoparticles obtained was designated as Et-
AgNPs. Aliquot of the NPs was washed three times in 
distilled water, dried in oven at 35 °C and used for fur-
ther analyses while the remaining colloidal solution was 
stored in amber coloured reagent bottle inside labora-
tory cupboards at room temperature.

2.4 � Characterization of NPs

Formation of plasmon was investigated by UV–Vis spec-
troscopy. Colloidal properties of the NPs were analysed by 
DLS in comparison with the crude extracts. X-ray diffrac-
tion (XRD) spectroscopy was used to investigate the crys-
tallographic properties of the NPs at 2 � = 10°–90°, also in 
comparison with the extract. The morphology and size of 
the NPs was characterized by SEM and TEM. EDS was used 
to probe and compare the elemental composition of both 
the extract and NPs. FTIR spectroscopy was also employed 
to characterize the functionalities in the synthesized NPs 
within 400–4500 cm−1. The models of equipment used for 
analyses are shown in supplementary file (SF-1).

2.5 � Preparation of steel specimens

Owing to its extensive application especially in the con-
struction of pipelines in oilfield, X80 steel (description in 
SF-2) was used for the study. Coupons were pre-treated in 
absolute ethanol to remove grease and lubricants, then 
polished using SiC abrasives and finished to mirror surface 
using 2000 grade [5]. Coupons were cleaned with abso-
lute ethanol, dipped in acetone to air-dry and immersed 
in the prepared test solutions. Coupons for electrochemi-
cal experiments were soldered to copper wire and 1 cm2 
of the polished surface was exposed while the rest were 
insulated using epoxy adhesives [5].

2.6 � Preparation of corrosion test solutions

The blank corrodent was 1.0 M HCl prepared by dilution of 
analytical grade 37% HCl (description in SF-2) in de-ionized 
water. Different weights (mg) of the dried Et-ACNPs were 

Fig. 1   Some major chemical 
compounds in Allium cepa 
extracts, namely (i) quercetin 
(ii) kaempferol (iii) ferulic acid 
and (iv) gallic acid
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dissolved in fixed concentration (1 L) of 1 M HCl to obtain 
different concentrations (100–500 mg/L) of Et-AgNPs. As 
control and basis for comparing the extracts with NPs, 
500 mg/L of dried Et-ACPE was also prepared by dissolving 
same in 1 M HCl. Before addition of the inhibitor, the pH 
of 1 M HCl was around zero. This pH value did not change 
even on addition of the inhibitors. Also, both the extract 
and NPs were highly soluble in the 1 M HCl solution.

2.7 � Electrochemical measurements

The potentiostat/galvanostat was assembled (model and 
assembly in SF-1) and with the test solutions standing 
for 30 min to corrode the steel, stabilize the open circuit 
potential (OCP) before actual measurement [5, 30]. The 
input experimental parameters were as follows: frequency 
range = 100 kHz–10 mHz for electrochemical impedance 
spectroscopy (EIS), voltage range =  − 0.15  V–+ 0.15  V 
vs. OCP and scan rate = 0.2  mV/s for potentiodynamic 
polarization (PDP), frequency pair = 2 Hz and 5 Hz; base 
frequency = 0.01 Hz and amplitude = 10 mV for electro-
chemical frequency modulation (EFM) and Ecorr =  ± 10 mV 
and scan rate = 0.25 mV/s for linear polarization resistance 
(LPR) at room temperature (30 ± 2 °C) [5]. Gamry E-Chem 
software was used to analyse data obtained to acquire 
associated electrochemical parameters. Inhibition effi-
ciency was assessed for EIS ( IEIS ), PDP ( IPDP ), LPR ( ILPR ) and 
EFM ( IEFM ) using Eqs. 1, 2, 3 and 4, respectively.

where Rctb and Rcti represent charge transfer resistance 
without and with inhibitor, respectively, Ib

corr
 and Ii

corr
 repre-

sent corrosion current density without and with inhibitor, 
respectively RPi andRPb represent resistance polarization 
with and without inhibitor, respectively [5].

2.8 � Weight loss measurement

X80 steel coupons (dimension 3 cm × 3 cm × 0.5 cm) were 
weighed, immersed by suspension method in 100 mL of 
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blank and inhibitor (crude extracts and NPs) test solutions 
and sealed to exclude air. The containers were placed in 
water bath equilibrated to 30 °C for 6 h after which they 
were retrieved and cleaned using ASTM procedures [31] 
and re-weighed; loss in weights were recorded. Triplicates 
of experiments were conducted and the mean weight 
loss ( Δw ) was used to compute corrosion rate ( CR , mmpy) 
according to Eq. 5 [5].

where �, A and t  represent density (gcm−3), surface area 
(cm2), and immersion time (h), respectively. Corrosion inhi-
bition efficiency ( IW , %) was elucidated using Eq. 6.

where CRHCl and CRinh represent corrosion rate in the 1 M 
HCl without inhibitor and with inhibitor, respectively. Simi-
lar measurements were replicated at 40, 50 and 60 °C.

2.9 � Surface and corrosion products

Surface deposits on the steel coupon after immersion was 
mechanically peeled off and analysed by FTIR. Elemental 
composition, surface morphologies, topographies and 
other surface features of the retrieved steel coupons in 
both uninhibited and inhibited solutions were investi-
gated by EDS, SEM and AFM as previously described [29].

3 � Results and discussions

3.1 � Yield of extracts

The extraction occurred very fast in ethanol and the weight 
of the residue after drying was found to be 6.7824 g. This 
means that 3.2176 g of the phytocompounds dissolved at 
room temperature and was actually recovered in ethanol. 
This corresponds to a yield of 32.2%. The intensity of the 
red colour that initially characterized the powdered peels 
was found to reduce (in the residue) implying that most 
of the extractable compounds were sufficiently extracted.

3.2 � Formation and characterization of NPs 
in comparison with extract

The formation of NPs was signalled by a change in col-
our of the mixtures. The colours changed from pale red to 
reddish brown as shown in Fig. 2, signifying the comple-
tion of bio-reduction of the silver ions. The formation of 
Et-AgNPs occurred within 85 min. Usually, the time taken 

(5)CR =
87600Δw

�At

(6)IW = 100

(

1 −
CRinh

CRHCl

)
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for NPs formation varies from extract to extract even with 
the same metal ion due to differences in chemical natures 
and concentrations of the phyto-compounds present and 
on reaction conditions such as temperature and pH [15]. 
Since formation of the NPs occurred fast, it was not neces-
sary to vary the above conditions because of the intended 
application. The final colour of NPs solution remained 
unchanged even after being observed for additional 24 h 
later. Also, the obtained solution was homogeneous with-
out any sediments, indicating that the AgNPs were highly 
soluble.

3.2.1 � UV–Vis spectroscopy

The UV–Vis spectra of Et-ACPE and the corresponding Et-
AgNPs are displayed in Fig. 3a. Actually, the spectrum of 

the solution was obtained at 10 min interval but only the 
initial and final spectra are reported. Formation of NPs pro-
duced plasmon resonance absorption band at a different 
wavelength and absorbance value from that of the pure 
extract. On complete bio-reduction of the Ag+ ions, plas-
mon absorption was observed at �max = 435 nm, whereas 
Et-ACPE absorption occurred at �max = 510 nm. Within the 
range of the broad absorption of Et-ACPE (475–625 nm), it 
was observed that the NPs showed no change in absorb-
ance values. Most plant extract mediated silver nanopar-
ticles reported in literature show plasmon absorption 
around 400–500 nm as obtained in this study, and this 
range has been reported to be characteristic of typical Ag 
plasmon [30, 31], which supports formation of Et-AgNPs.

3.2.2 � XRD spectroscopy

XRD diffraction pattern of the pure extract and the NPs 
obtained is shown in Fig. 3b. It can be observed that the 
spectrum of Et-ACPE has neither distinct peaks nor diffrac-
tion angles whereas the spectrum of Et-AgNPs show up 
to four (4) main peaks. The diffraction pattern obtained 
for Et-ACPE matrix can be attributed to its amorphous 
nature (hence diffraction of glass) and absence of metal-
lic crystal. However, peaks in the spectrum for Et-AgNPs 
were obtained at 2θ = 38.01°, 45.82°, 64.38°, and 77.45°. 
To confirm whether the obtained peaks and diffraction 
angles correspond to reference (standard) values for silver 
crystal structure, the spectra were analysed using X-PERT 
HighScore Plus software package (PANalytical) [5]. Results 
confirm that these peaks correspond to 110 (2θ = 38.01°), 
220 (2θ = 45.82°), 220 (2θ = 64.38°) and 311(2θ = 74.45°) 
Braggs crystallographic planes of face centre cubic (FCC) 
structure. The sharpness of all the peaks (without broaden-
ing) indicates that NPs are devoid of defects in their crys-
tal structure. The standard reference values of 2θ for silver 

Fig. 2   Colour of a 20  mL Et-ACPE/100  mL H2O and b 20  mL 
ACPE/100 mL AgNO3 (Et-AgNPs) after three hours of formation of 
NPs
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Fig. 3   a UV–Vis spectra of Et-ACPE (black) and Et-AgNPs (red) from ACPE. b X-ray diffraction pattern of Et-ACPE and Et-AgNPs from ACPE
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nanoparticles are 38.162°, 44.597°, 64.674° and 77.544o 0 
[34]. XRD results also confirmed the existence of silver in 
the Ag0 phase in the NPs. Results of analyses also show that 
the Ag atoms in the fcc structure with a = b = c = 4.0968 Å 
and � = � = � = 90°, contain cells with volumes 72.43 × 10–6 
pm3 and density ( � ) 10.18 gcm−3. Peak intensity was very 
high at 2θ = 38.01° implying that the preferred orientation 
of Et-AgNPs is the (111) plane [32, 33].

3.2.3 � SEM/EDS

To further confirm that NPs were formed, and to elucidate 
the shapes of the NPs, SEM images of morphologies of 
both Et-ACPE and Et-AgNPs were obtained as shown in 
Fig. 4 (top). It was necessary to select a higher magnifica-
tion for the NPs to be visible because of their small sizes. 
Also, the elements composing the surfaces were detected 
by obtaining EDS spectra of the extract and NPs surfaces 
as also shown in Fig. 4 (bottom). SEM results also con-
firmed the amorphous and crystalline morphology of Et-
ACPE and Et-AgNPs, respectively. The NPs were spherical 
in shape and did not agglomerate or aggregate, although 
some traces of uncapped phyto-compounds were visible 

around0 the surface of the NPs. Other authors have also 
reported similar observations [34, 35].

EDS scan at the spots corresponding to the extract and 
particles surfaces reveal that only Et-AgNPs contained sil-
ver. Bio-reduction of Ag+ ions by Et-ACPE is associated with 
capping of the phytocompounds on silver. Consequently, 
the amount of C (atom %) on the NPs surface decreases 
from 70.12% to 46.54% whereas the amount of surface 
O (atom %) increases from 27.65 to 36.81%. There was no 
significant increase in the amount of N atoms—which 
was found to be 2.23% to 2.25% for Et-ACPE and Et-AgNPs 
respectively. The amount of Ag (atom %) composing the 
Et-ACPE and Et-AgNPs was 0% and 14.40% showing that 
Ag atoms were incorporated into the matrix to form 
AgNPs. Since O sites are rich in electron cloud, it can be 
predicted that the NPs surface would exhibit greater elec-
tron cloud than the extracts. Greater electron cloud due 
to more O sites would increase the adsorptive capacity of 
the NPs compared to the extracts. This presents great pros-
pects for the synthesized nanoparticles to find applica-
tion in adsorption related phenomena such as removal of 
heavy metals, corrosion and scale inhibition, and as adsor-
bents for water treatment, which we are still investigating.

Fig. 4   Top: SEM images of morphologies and; Bottom: EDS profiles of elemental composition of dried a Et-ACPE and b Et-AgNPs as 
observed by SEM
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3.2.4 � TEM

The NPs size and morphology were checked by transmis-
sion electron microscopy, TEM (Fig. 5a). It can be implied 
from results that non-aggregated nanoscale particles of 
almost non-uniform shapes and sizes were formed. The 
particles were predominantly spherical in shape and dis-
tributed between 20 and 50 nm in size. This size is com-
parable to those reported for other phyto-mediated silver 
nanoparticles [16]. However, the size of biosynthesized 
NPs is usually influenced by some factors such as concen-
trations of the extract and AgNO3, pH, incubation time 
and volume of extract. Around the nanoparticles, some 
organic-based materials from the uncapped extracts were 
also seen just as in SEM/EDS results.

3.2.5 � DLS

The zeta potential, polydispersity index, hydrodynamic 
size and size distribution were obtained via DLS meas-
urements. Average zeta potential of the colloidal NPs 
determined with alcohol as dispersant was found to be 
−46.2 ± 0.2 mV. The high magnitude of this zeta potential 
points to high degree of Coulombic or electrostatic repul-
sion between highly negatively charged adjacent nano-
particles in the colloidal dispersion which enhances sta-
bilization of the NPs and prevents agglomeration [36, 37]. 
Although the value obtained is comparably higher than 
some other plants mediated silver nanoparticles previ-
ously reported, it is an indication that the colloidal NPs 
were highly electrically stabilized, hence highly resistant 
to aggregation. A higher proportion of the particles were 
found to be distributed around 78–86 nm hydrodynamic 
size (Fig. 5b), slightly larger than sizes obtained by TEM 
analyses but still within the range for nanoparticles. The 
difference in the size measured by TEM and DLS is indica-
tive of agglomeration state: agglomerated particles will 

show much larger sizes by DLS than TEM measurements 
[38]. However, similar or slightly larger particle sizes from 
DLS than TEM measurements show that the particles did 
not agglomerate. In addition, the average polydispersity 
index (PDI) value was 0.38 indicating that the NPs are 
almost monodisperse and very stable [39].

3.2.6 � FTIR

The FTIR spectrum of the Et-AgNPs was similar to that of 
Et-ACPE (Fig. 6) but with slight shifts in wave numbers 
of the absorption peaks, which is characteristic of most 
plant mediated silver nanoparticles40. For the extracts, 
prominent peaks were observed at 710, 1050, 1350, 
1620, 2930 and 3300–3500 cm−1. However, for the NPs, 
these peaks were found at 680, 1120, 1400, 1650, and 
3440 cm−1. The peak at 2930 cm−1 which may be assigned 
to either –CH2 or C–CH3 stretching vibrations were found 
to have disappeared on formation of the NPs. Instead of 
the broad peak between 3300 and 3500 cm−1 obtained 
with the extract, the NPs produced a sharp intense peak 
at 3440 cm−1 [40]. The broad peak represents intermolecu-
lar hydrogen bonded -OH stretching vibrations but can 
also represent –N–H stretching vibrations. N–H stretching 
vibrations usually produce a sharp single intense peak at 
3300–3500 cm−1 as obtained in the spectrum of the NPs. 
However, EDS analyses earlier showed that there were 
no N atoms on the NPs surface and previous HPLC–MS 
had shown that major compounds in Et-ACPE contain 
more of –OH group [41], hence this peak can be solely 
assigned to –O–H vibrations. The peak at 1650 cm−1 can 
be due to C = O stretching in carboxylic acids or stretch-
ing vibrations due to non-conjugated C = C moiety. Also, 
C–O stretch in lactam, N–H amine, C = C stretching in cyclic 
alkenes or �, �-unsaturated ketones can give rise to the 
peak at 1650 cm−1. In the fingerprint region, The peak at 
1400 cm−1 represents C-O stretching vibrations; the one 
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Fig. 5   a TEM images of Et-AgNPs and b Distribution of hydrodynamic size of Et-AgNPs by DLS intensity measurement
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at 1050 cm−1 can be assigned to C–OH vibrations of sec-
ondary cyclic alcohols while the peak at 710 represents 
-CH out of plane bending vibrations in ethylenic systems, 
especially –CH = CH– [5, 42] and was found to have been 
involved in interaction with silver ions.

3.3 � Corrosion studies

3.3.1 � EIS

This measurement was performed to probe how addition 
of the NPs influences the corrosion process, its mechanism 

and capacitive response at the steel-acid interface. The 
OCP was found to stabilize within 450 s (Fig. 7a) indicat-
ing corrosion measurements can be accurately taken. 
However, with respect to the blank acid, OCP shifts to 
positive values in the presence of the inhibitors. Based 
on this observation, the additives may be considered as 
being anodic inhibitor. Impedance data obtained were 
used to construct Nyquist plots shown in Fig. 7b and the 
plots were analysed by fitting using a simple CPE equiva-
lent circuit model shown in Fig. 7c which afforded good 
fitness in the order of 10–4. The obtained EIS parameters 
are displayed in Table 1. All the plots (both the blank and 

Fig. 6   a FTIR spectra obtained 
for Et-ACPE (black) and Et-
AgNPs (red); b FTIR spectra 
obtained for pure Et-AgNPs 
(black) and surface adsorbed 
Et-AgNPs (red) on X80 steel
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the inhibited solutions) yielded single semicircles indicat-
ing that single charge transfer process occurred at the 
interface. Similarity in shape of the semicircles also indi-
cates similar corrosion mechanism despite addition of the 
inhibitors. Thus, addition of inhibitors has no significant 
influence on the corrosion mechanism of X80 steel in 1 M 
HCl solution. As the concentration of NPs was increased, 
both charge transfer resistance and inhibition efficiency 
increased in magnitude. The magnitude of the calculated 
double layer capacitance ( Cdl ) was highest in the blank 
acid solution, and decreased with increase in Et-AgNPs 
concentration. This is a consequence of increase in the 
local dielectric constant or insulation property at the inter-
face due to inhibitor adsorption29. Also, as concentration 
of the NPs increases, Cdl decreases, the insulating effect of 
the surface layer increases due to increased adsorption of 
more Et-AgNPs. 

3.3.2 � PDP

Tafel plots (Fig. 7d) were constructed from polarization 
data and the effect of addition of different concentrations 
of the NPs on the cathodic and anodic half reactions was 
investigated. Addition of the NPs decreased the corro-
sion current density ( Icorr ), and consequently, the corro-
sion rate. The obtained Icorr values (Table 2) decreased as 
concentration of NPs increased, and the Tafel slopes were 
also altered. Increasing the Et-AgNPs concentration also 
resulted in higher inhibition efficiency and the magnitude 
and trend of efficiency was similar and comparable to EIS 
results. For all the nanoparticles solutions, the slopes of 
the anodic branches and the corresponding anodic Tafel 
constant ( �c ) values were highly displaced compared to 
those of the cathodic branches and constants ( �a ). This 
establishes that the NPs has dominating effect or impact 

on anodic than cathodic reaction [29]. It was also observed 
that Ecorr values shift towards more positive values, also 
depicting dominant anodic influence and thus supporting 
the trend of the Tafel constants. Based on these observa-
tions, it could be implied that Et-AgNPs influences more 
of the anodic reaction than cathodic reaction. This trend 
is in agreement with OCP measurement. However, since 
the displacement in Ecorr values is less than 0.85 V, the NPs 
can be categorized as mixed type inhibitor with anodic 
predominance [43–45].

3.3.3 � EFM

EFM measurement afforded complementary results to EIS 
and PDP and to further afforded corrosion current values 
via small signals. The efficiency of corrosion inhibition 
(Table 3) was computed from the corrosion current values. 
As obtained with impedance and polarization measure-
ments, inhibition efficiency increased as NPs concentration 
increased. Furthermore, causality factors, CF-2 and CF-3 
were obtained and all the values were approximate to 
theoretical values of 2 and 3 respectively, indicating good 
quality of measurements [46, 47]. The Tafel constants ( �a 
and �c ) constants were also obtained, and as observed in 
PDP results, there was more spread in �a than �c values, 
supporting more impact on the anodic than cathodic half 
reaction.

3.3.4 � LPR

LPR experiment was carried out to further support the 
inhibition efficiency obtained from prior electrochemical 
measurements. The Stern-Geary equation (Eq. 7) was used 
to estimate polarization resistance, and used to compute 
inhibition efficiency.

Table 1   EIS parameters 
for the inhibition of X80 
steel corrosion in 1 M HCl 
containing Et-ACPE and 
different concentrations of its 
Et-AgNPs

Test solution Rs(Ω) Rct(Ω) n Cdl(�Fcm−2) IEIS(%) �2 10−4

Blank 0.864 ± 0.012 128.8 ± 1.3 0.844 26.72 – 1.08
500 mg/L ACPE 0.918 ± 0.018 800.2 ± 3.8 0.846 11.04 83.9 ± 1.1 1.07
100 mg/L AgNPs 1.024 ± 0.021 1070.6 ± 5.7 0.857 5.13 88.0 ± 1.7 3.11
200 mg/L AgNPs 1.108 ± 0.016 1187.9 ± 9.6 0.863 2.02 89.2 ± 1.6 3.09
500 mg/L AgNPs 1.241 ± 0.011 1576.4 ± 11.4 0.881 0.74 91.8 ± 2.2 2.94

Table 2   PDP parameters 
for the inhibition of X80 
steel corrosion in 1 M HCl 
containing Et-ACPE and 
different concentrations of its 
Et-AgNPs

Test solution Icorr(Acm
−2) Ecorr(V) �a ( mVdec.−1) �c ( mVdec.−1) IPDP(%)

Blank 996.1 ± 2.8 −0.489 ± 0.006 151.4 −144.7 –
500 mg/L ACPE 176.8 ± 1.6 −0.480 ± 0.005 141.3 −140.2 82.3 ± 1.5
100 mg/L AgNPs 142.4 ± 2.1 −0.476 ± 0.004 130.8 −138.6 85.7 ± 1.3
200 mg/L AgNPs 124.1 ± 0.8 −0.468 ± 0.007 118.4 −135.2 87.5 ± 1.2
500 mg/L AgNPs 80.7 ± 1.2 −0.460 ± 0.008 102.6 −128.1 91.9 ± 1.3
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The Rp and inhibition efficiency values obtained 
(Table 4) also increased as NPs concentration increased, 
similar to trends obtained for other measurements. Also, 
polarization resistance increases with the solutions inhib-
ited by the NPs than the crude extract supporting that 
adsorption of the NPs resulted in increased resistance 
around the electrode surface, depicting increased surface 
insulation. The results obtained for LPR also follow similar 
trend as other EIS, PDP and EFM measurements.

3.3.5 � Weight loss

Loss in weight and corrosion rate of X80 steel coupons 
in the blank 1 M HCl and containing both Et-ACPE and 
Et-AgNPs were measured by weight loss experiments and 
results were compared. The obtained data of weight loss 
and corrosion rate are presented in Table 5. Weight loss, 

(7)Rp =
�a�c

2.303Icorr
(

�a + �c
)

and consequently corrosion rate, was highest in the blank 
acid solution, but reduced on addition of the extract and 
NPs. In comparison, the NPs offered higher inhibition effi-
ciency and were more thermally stable than the crude 
extracts. Thus, an equivalent concentration of the NPs was 
more efficient than Et-ACPE at all temperatures studied 
(see Table 5). In fact, a very low concentration of the NPs 
(100 mg/L) exhibited higher efficiency than 500 mg/L Et-
ACPE. This demonstrates that processing the extract into 
NPs enhances their anticorrosion behaviour, perhaps due 
to improved adsorption capacity and the presence of more 
electron cloud around O atoms (according to EDS results) 
for adsorption on the steel surface. Efficiency of inhibition 
increases as NPs concentration increases and was fairly sta-
ble at as temperature increases compared to the extract. 
In terms of pH, addition of the extract and nanoparticles 
to a fixed volume of1 M HCl did not influence the pH of 
the test solutions. Thus, it may be considered that the acid 
remained in the live form even in the presence of the addi-
tives. This also implies that the additives did not reduce or 
increase the acidity of 1 M HCl.

3.3.6 � Kinetics, thermodynamics and adsorption 
mechanistic studies

Like most chemical reactions, the rate of corrosion 
increases as temperature increases. The presence of the 
NPs reduced corrosion rate of X80 steel. Corrosion rate 
data was used to construct linearized plots shown in 
Fig. 8a and b based on Arrhenius equation (Eq. 8) and tran-
sition state equation (Eq. 9), respectively [48, 49].

Table 3   EFM parameters 
for the inhibition of X80 
steel corrosion in 1 M HCl 
containing ACPE and different 
concentrations of its Et-AgNPs

Test solution �a ( mVdec.−1) �c ( mVdec.−1) CF − 2 CF − 3 Icorr(Acm
−2) IEFM(%)

Blank 133.8 −112.7 2.011 2.962 861.3 ± 4.4 –
500 mg/L ACPE 121.4 −109.9 1.992 3.011 162.4 ± 1.7 81.1 ± 1.3
100 mg/L AgNPs 107.2 −106.1 1.996 2.984 141.7 ± 1.6 83.5 ± 1.2
200 mg/L AgNPs 94.8 −104.8 1.981 2.976 106.5 ± 0.8 87.6 ± 1.2
500 mg/L AgNPs 91.6 −97.6 1.968 3.004 64.3 ± 1.1 92.5 ± 1.4

Table 4   LPR parameters for the inhibition of X80 steel corrosion 
in 1 M HCl containing ACPE and different concentrations of its Et-
AgNPs

Test solution RP(Ω) IPDP(%)

Blank 104.2 ± 3.1 –
500 mg/L ACPE 558.4 ± 4.7 81.3 ± 2.4
100 mg/L AgNPs 639.6 ± 5.2 83.7 ± 1.6
200 mg/L AgNPs 784.1 ± 4.2 86.7 ± 1.1
500 mg/L AgNPs 1189.4 ± 13.6 91.2 ± 1.2

Table 5   Weight loss, corrosion rate and inhibition efficiency of Et-ACPE and Et-AgNPs against X80 steel corrosion in 1 M HCl at 30 – 60 °C

Test solution 30 °C 40 °C 50 °C 60 °C

Δw(g) CR mmpy Iw(%) Δw(g) CR mmpy Iw(%) Δw(g) CR mmpy Iw(%) s (g) CR mmpy Iw(%)

Blank 0.0563 12.22 – 0.0864 18.74 – 0.1402 30.41 – 0.2363 51.18 –
500 mg/L ACPE 0.0104 2.26 81.5 ± 1.2 0.0188 4.07 78.3 ± 0.6 0.0356 7.72 74.6 ± 1.1 0.0717 15.56 69.6 ± 1.3
100 mg/L AgNPs 0.0091 1.98 83.8 ± 0.9 0.0169 3.67 80.4 ± 0.6 0.0320 6.93 77.2 ± 0.8 0.0592 12.85 74.9 ± 1.1
200 mg/L AgNPs 0.0072 1.56 87.2 ± 0.6 0.0119 2.59 86.2 ± 0.4 0.0227 4.93 83.8 ± 0.6 0.0493 10.70 79.1 ± 0.9
500 mg/L AgNPs 0.0036 0.78 93.6 ± 0.7 0.0075 1.63 91.3 ± 0.7 0.0155 3.37 88.9 ± 1.2 0.0373 8.09 84.2 ± 0.8
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where CR is the corrosion rate, Z the Arrhenius pre-expo-
nential or frequency factor, R is the universal gas constant, 
N is Avogadro’s number, T is absolute temperature, ΔH∗ 
and ΔS∗ is the enthalpy and entropy change of activation 
respectively [45].

Activation energy was determined from the Arrhenius 
plots while enthalpy and entropy changes were deduced 
from transition state plots. Results reveal that activation 
energy was lowest in the free acid medium and increased 
on addition and with increasing Et-AgNPs concentration 
(Table 6). The activation energy obtained with the blank 
acid solution could be considered as the minimum energy 
with which the acid molecules must generate for effec-
tive collision on the steel surface to cause its corrosion. 
Therefore, in the presence of the NPs, the collision of the 
acid molecules with the steel surface acid must generate 
higher energy than with the blank, hence corrosion inhi-
bition. Addition of the NPs increase this minimum energy 
or energy barrier and limits the number of successful col-
lisions that could have resulted to corrosive attack. This 
trend of activation energy is often associated with physical 
adsorption mechanism involving electrostatic interaction 
of charged inhibitor groups with charged species on steel 
surface [50, 51]. Adsorption of NPs on X80 steel surface 
was found to be exothermic and resulted in decrease in 
entropy of the solution, similar to other steel corrosion 
inhibitors [5].

The mechanism of adsorption of the NPs on the steel 
surface and subsequent corrosion inhibition was studied 
by means of adsorption isotherms. The surface cover-
age data for various concentrations (mg/L) of Et-AgNPs 
were used to plot various adsorption isotherms but the 

(8)log CR = log Z −
Ea

2.303RT

(9)

log
(

CR

T

)

=

[(

log
(

R

Nh

)

+

(

ΔS∗

2.303R

))]

−

(

ΔH∗

2.303RT

)

Langmuir isotherm afforded the best fit (R2 ≥ 0.9995 ). The 
mathematical expression for this model is given in Eq. 10 
and can be related with free energy of adsorption ( ΔGads ) 
by Eq. 11 [5].

where CNPs is the concentration of the NPs (mg/L), � is the 
fractional surface coverage evaluated by multiplying inhi-
bition efficiency by 0.01, Kads is the adsorption–desorption 
equilibrium constant, R is the universal gas constant and 
T  is the absolute temperature [52]. Values of Kads obtained 
decreased as temperature increases indicating that the 
equilibrium shifts in favour of desorption of NPs molecules 
as temperature increases. Thus, increase in temperature 
decreases the inhibitor-steel surface binding strength. 
ΔGads values were all negative, and between −21.52 
kJmol−1 to −34.28 kJmol−1, indicating that adsorption of 
the NPs occurs spontaneously, just like many other adsorp-
tion processes. Also, the values are less negative than −40 
kJmol−1 indicating physical adsorption mechanism [53]. 
This involves basically electrostatic interaction between 

(10)
CNPs

�
=

1

Kads
+ CNPs

(11)ΔGads = −RT ln 55.5Kads

Fig. 8   a Arrhenius plot and b 
Transition state plot for the 
corrosion of steel in 1 M HCl 
without and with Et-ACPE and 
Et-AgNPs. Key: Black = 1 M 
HCl; red = 500 mg/L Et-ACPE; 
blue = 100 mg/L Et-AgNPs; 
purple = 200 mg/L Et-AgNPs; 
green = 500 mg/L Et-AgNPs)
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Table 6   Activation parameters for the inhibition of X80 steel corro-
sion in 1 M HCl containing different concentrations of Et-AgNPs

Test solution Ea(kJmol−1) A (× 109) −ΔH(kJmol−1) ΔS(kJmol−1)

Blank 39.64 0.08 37.92 0.28
500 mg/L 

ACPE
40.20 0.05 38.22 0.24

100 mg/L 
AgNPs

53.60 0.04 39.02 0.23

200 mg/L 
AgNPs

58.11 0.02 43.48 0.19

500 mg/L 
AgNPs

63.47 0.01 47.92 0.13
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charged species in the inhibitor and the steel surface [47]. 
Since silver in the NPs is zero-valent, this interaction can 
possibly occur between the phytoconstituents (capped 
to the silver) and the steel surface. Each particle could 
be considered to be composed of one or more capped 
phyto-compounds containing electron rich site(s) such as 
O and C = C, which can interact with Fe ions on steel sur-
face. Thus, the nanoparticles enhance the adsorption of 
more capped phyto-compounds on Fe surface resulting 
in enhanced corrosion inhibition.

3.4 � Stability of Et‑AgNPs

The stability of the NPs with aging was estimated for 
16 weeks of preparation at different temperatures using 
weight loss measurement. Prior to this, already prepared 
samples were stored in laboratory cupboards inside rea-
gent bottles at room temperature. The efficiency of the 
highest concentrations each of Et-AgNps and Et-ACPE 
were tested by weight loss method every two weeks (from 
the date they were initially prepared) at the studied tem-
peratures. Results (Fig. 9) show that the efficiency of Et-
ACPE started to decline after 6 weeks, but the NPs were still 
as efficient throughout the period. The decline in efficiency 
of the extract was worse at 60 °C. This can be explained in 
terms of ease of thermal and biodegradation: biochemical 
degradation of the extract could have easily started within 
this period, whereas the NPs were stable and did not bio-
degrade within the time under consideration.

3.5 � Examination of corrosion products

3.5.1 � FTIR

After 6 h of immersion, the retrieved steel coupon was 
cleaned, air-dried and a thin film observed on its surface 
was removed by mechanical scrapping and investigated 
by FTIR. The FTIR spectra of the NPs and the surface film 
(Fig. 6b) were similar in terms of peak positions and inten-
sity of absorption. This demonstrates that the surface film 
represents adsorbed Et-AgNPs. Also, since there were only 
slight changes in peak positions, it can be assumed that 
there was interaction between the NPs and steel surface, 
but the adsorptive interaction did not result in the for-
mation of actual chemicals bonds. Therefore, the inhib-
itor-surface interaction can be considered as physical in 
nature involving either electrostatic interactions between 
charged species or involving weak van der Waals interac-
tive forces between surface species and inhibitor sites. 
Such interactions signify physical adsorption mechanism 
thus supporting earlier predictions made. Slight displace-
ment in the position of the peak around 680  cm−1 to 
650 cm−1 was observed and this could represent complex 

interaction between electron rich –C = C– groups on the 
NPs with d-orbitals of Fe2+ on the steel surface, which 
could be physical in nature.

3.5.2 � EDS

The elemental composition of the steel surface after 
immersion for 6 h in 1 M HCl containing the Et-AgNPs was 
elucidated and compared with the surface retrieved from 
the uninhibited acid solution. The scan was conducted 
with reference to C, N, O, Cl, Ag and Fe atoms only and 
the obtained EDS profiles are shown in Fig. 10b. It was 
observed that the steel surface retrieved from the blank 
acid solution was composed of very high amount of Fe 
but with no trace of Ag. On addition of Et-AgNPs to the 
acid, the Fe composition (Wt. %, Atomic %) on the sur-
face retrieved from the inhibited solution decreased from 
(97.19%, 88.53%) to (93.58%, 83.43%). This may be due 
to coverage of Fe sites on the surface by some adsorbed 
species from the inhibitor such as adsorbed Ag (2.45%, 
1.13%) and other atoms which could have only come 
from the inhibitor. The amount of O and C increased from 
(0.16%, 0.49%) and (2.52%, 10.68%) to (0.76%, 2.28%) and 
(3.11%, 12.90%) respectively. This implies C and O from 
the inhibitor were adsorbed on the surface, thereby cov-
ering Fe atoms. The amounts of Cl atoms decreased from 
(0.11%, 0.16%) to (0.08%, 0.11%) supporting replacement 
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Fig.9   Comparison of inhibition efficiency of 500  mg/L Et-AgNPs 
(black line) with 500 mg/L Et-ACPE (red line) and their stability with 
preservation time at a 30 °C and b 60 °C
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of chloride ions with inhibitor species on the surface. Previ-
ous EDS investigation using the NPs revealed it contains 
no N atoms. However, EDS analyses of the steel surface 
reveals that it was composed of (0.16%, 0.49%) of N before 
corrosion inhibition and negligible N (0.01%, 0.03%) after 
inhibition, which removes the possibility of involvement of 
N in the adsorption process because the observed N could 
have come from air.

3.6 � Morphological examination and surface 
protection

3.6.1 � SEM

X80 steel surfaces retrieved from both uninhibited and 
inhibited 1 M HCl were observed by SEM and their mor-
phologies are shown in Fig. 10a. When the inhibitor was 
not added, corrosive attack resulted in severe damage of 
the surface, but with inhibitor, the surface was reasonably 
smooth with only slight corrosive damage. This demon-
strates that Et-AgNPs has great potential to suppress the 
corrosion of X80 steel, although it does not stop the cor-
rosion completely. By comparing the morphologies, it can 
be affirmed that Et-AgNPs shows excellent retarding effect 

on the steel corrosion in 1 M HCl solution even within the 
6 h contact time.

3.6.2 � AFM

The surface features and morphologies of X80 steel sur-
face immersed in 1 M HCl without and with Et-AgNPs 
also were examined at nano- to micro-scale using AFM 
[5]. We obtained 3D images of the peaks and pits on 
the surfaces as well as 2D photos of the amplitude and 
topography surfaces and these are shown in Fig. 11. It 
was observed that in the blank solution, extreme surface 
roughness with many pits and peaks were prevalent, 
indicating severe damage due to rapid corrosion by the 
acid. Depths of surface pits and heights of peaks were 
compared from root mean square (RMS) height param-
eters data generated from the experiment (Fig. 11(iv)). 
RMS estimation since is considered to be of high sen-
sitivity to large surface deviations with respect to the 
mean line [48, 49]. In the absence and presence of Et-
AgNPs, the maximum peak heights (Sp) were 547 nm and 
200 nm above the mean plane of the surface, respec-
tively, whereas the deepest pits (Sv) were 444 nm and 
200 nm below the mean plane of the surface, respec-
tively. These clearly show that deeper pits and higher 

Fig. 10   a SEM micrographs and b EDS spectra of X80 steel surface retrieved from (i) 1 M HCl solution and (ii) 1 M HCl solution inhibited with 
20% Et-AgNPs
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peaks were created by corrosive damage due to the 
blank acid solution than when Et-AgNPs was added [5, 
54]. In comparison with the blank acid, addition of Et-
AgNPs reduces pitting by about 69.7% and reduces peak 
heights by 55.0%, which indicates highly efficient anti-
corrosion effect.

RMS heights (Sq) were 101  nm and 34.3  nm with-
out and with Et-AgNPs respectively. The magnitude of 
Sq portrays the standard deviation of peak height at a 
defined area from the mean plane [29]. Thus, on add-
ing Et-AgNPs, peaks height due to corrosion damage 
reduced averagely by about 66.0% in comparison with 
the blank. Skewness parameter (Ssk < 0) indicates that 
height distribution in the presence of inhibitor were 
more skewed above the mean plane; kurtosis (Sku > 3) 
parameter indicates reduction in spiking of height dis-
tribution in the presence of the NPs [29, 54, 55]. Also, 
the maximum height (Sz) and arithmetic mean height 
(Sa) attained due to corrosive damage of the surface by 
the acid was 991 nm and 78.2 nm respectively, but in 
the presence of the inhibitor, these heights respectively 
reduced to 365 nm and 24.0 nm corresponding to 63.2% 
and 69.3% reduction, respectively. The results obtained 
from AFM studies and all the associated RMS param-
eters confirm that addition of the Et-AgNPs afforded a 
relatively smoother steel surface with minimal pits and 
reduced surface degradation, hence efficient corrosion 
protection.

3.7 � Comparative study

Many corrosion inhibitors derived from plant materials are 
not stable—they easily degrade in the presence of heat or 
when stored for long due to actions of biochemical agents. 
This places limitation on the application of this kind of cor-
rosion inhibitors. Various plant-based corrosion inhibitors 
have been reported for similar application as the materials 
reported in this study. For instance, many of such materials 
have been documented in a recent review [56]. In com-
parison, ET-AgNPs competes with or performs better than 
many of such corrosion inhibitors in terms of efficiency. 
Some examples include Longan peels extract [57], Musa 
paradiaca (banana) peels extract [58], rice hull extracts 
[59], watermelon rind extracts [60], Pisum sativum peels 
extracts [61] and Rollina occidentalis extract [62]. in addi-
tion, Et-AgNPs is also more efficient than nanoparticles 
composites prepared from olive leaves extract [19] and 
Musa paradisiaca peels extracts [63]which were recently 
reported in literature.

4 � Conclusions

Green silver nanoparticles were synthesized using ethanol 
extracts of Allim cepa peels and silver nitrate, character-
ized and evaluated as corrosion inhibitor for X80 steel in 
1 M HCl. Based on our results, it has been concluded that 

Fig. 11   AFM images of (i) 3D morphology (ii) amplitude (iii) topographyand (iv) height parameters for X80 steel surface after immersion in a 
1 M HCl and b 1 M HCl inhibited by Et-AgNPs
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Et-AgNPs produces plasmon absorption at 435 nm and its 
formation occur within 85 min. Et-AgNPs are crystalline 
with no defects, having a fcc structure with Ag atoms pre-
dominantly oriented along (111) plane. Et-AgNPs synthe-
sized are non-aggregating, monodispersed with spherical 
shapes and particle sizes distributed between the range of 
20–50 nm. Et-AgNPs surface contains more O sites which 
conveys higher adsorptive capacity than the crude extract. 
The NPs are 89.7% and 83.5% efficient in inhibiting corro-
sion of X80 steel in 1 M HCl at 30 °C and 60 °C, respectively, 
and act as mixed type inhibitor with dominant effect on 
anodic half reaction. Addition of the NPs reduces pits and 
peaks due to acid corrosive attack by 69.7% and 66.0% 
respectively, protects steel surface against corrosion. Inter-
action of the NPs with steel surface results in formation of 
surface complex facilitated by O sites in the NPs. Et-AgNPs 
from ACPE is suitable for application as green, inexpen-
sive and efficient alternative corrosion inhibitor for oilfield 
pickling and cleaning operations.
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