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Abstract 14 
 15 
Our study aims to implement a strategy to reduce the carbon steel corrosion rate in sulfuric acid 16 
solution, using an expired drug with adsorption affinity on the metal surface. To investigate the 17 
corrosion protection efficiency of an environmental friendly inhibitor, namely neomycin sulfate 18 
(NMS), the electrochemical measurements were applied on carbon steel immersed in 1.0 M 19 
H2SO4 solution with and without NMS. The protective layer formed on the steel surface was 20 
studied by atomic force microscopy (AFM). The potentiodynamic polarization and 21 
electrochemical impedance spectroscopy (EIS) showed that the presence of the neomycin sulfate 22 
in acid solution leads to the decrease in corrosion current density (icorr) and the increase of 23 
polarization resistance (Rp). The mixed mechanism between physical and chemical adsorption of 24 
NMS molecules on the steel surface was proposed according to the Langmuir adsorption 25 
isotherm. The Atomic Force Microscopy (AFM) indicated that the NMS molecules contributed to 26 
a protective layer formation by their adsorption on the steel surface. The AFM parameters such 27 
as: root-mean-square roughness (Rq); average roughness (Ra) and maximum peak to valley 28 
height (Rp-v) revealed that in the presence of NMS a smoother surface of carbon steel was 29 
obtained, compared to the steel surface corroded in sulfuric acid blank solution.   30 
 31 
 32 
Keywords: expired drug; corrosion inhibitor; potentiodynamic polarization; electrochemical 33 
impedance spectroscopy; AFM 34 
__________________________    35 
 36 
1. Introduction 37 
  38 
 The different types of steel are widely utilized in many industrial fields due to their 39 
specific characteristics and properties. The lifetime of steel is influenced by the chemical or 40 
electrochemical reactions which take place at metallic material/environment interface. The 41 
carbon steel is used for the manufacturing of some industrial systems, such as pipes, pumps, 42 
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turbine blades, water coolers and heaters. The contact with acidic/alkaline media leads to steel 43 
corrosion due to the oxidation reactions, its surface being partially or totally affected.    44 
 The corrosion control and prevention involve the use of effective methods to protect the 45 
metal surfaces. The change of the environment composition by the addition of some corrosion 46 
inhibitors represents an appropriate way to modify the contact interface between metal surface 47 
and electrolyte. The organic compounds act by adsorption on surface, forming protective layers 48 
with inhibitory properties against metal oxidation. The molecules of organic compounds contain 49 
oxygen, nitrogen and sulfur heteroatoms with high adsorption affinity on the metallic surfaces 50 
[1-8]. Thus, organic substances act by physical or chemical adsorption on the metal surface 51 
involving electrostatic interactions, physical or chemical bonds between unshared electron pairs 52 
of the heteroatoms and the d-vacant orbital of some metal atoms from surface [2-6]. 53 
 Many types of compounds [2-13] such as drugs [2-9], plant extracts [10,13] and polymers 54 
[11,12] have been reported as efficient corrosion inhibitors that can contribute to the formation of 55 
protective layers on the carbon steel/stainless steel surfaces. The use of expired drugs in other 56 
activity fields could lead to the reduction of their disposal/destroying costs. A proper way is 57 
their reintegration into the chemical industry, as “Green Corrosion Inhibitors” for metallic 58 
materials [4-9, 14,15], being less toxic than others, having aqueous solubility and adsorption 59 
affinity for the metal surface and/or the capacity to form complexes with the metal ions  released 60 
in solution during corrosion processes [4-8]. 61 
 The weight loss method and electrochemical measurements coupled with different 62 
techniques such as scanning electron microscopy, X-ray photoelectron spectroscopy, UV-Vis 63 
spectrophotometry, high performance liquid chromatography and thermal analysis, have been 64 
used [2,4-8] to evaluate the inhibitory performance of some drugs for carbon steel corrosion in 65 
hydrochloric acid solution. Thus, for trimethoprim [2], quinine sulfate [4], aminophylline [5], 66 
sulfacetamide [6], sulfathiazole [7,8], the inhibition efficiency (IE) reached values between 80.0% 67 
and 93.0%, depending on their concentrations in studied environment. The XPS can accurately 68 
reveal the metal surface layer composition, both in the absence and presence of the inhibitor. 69 
From the high resolution XPS spectra, the binding energy can be determined and attributed to 70 
the corrosion products (oxides, hydroxides, oxy-hydroxides) and other bonds between 71 
atoms/heteroatoms from the molecules of the organic compounds. Thus, the change of surface 72 
layer composition due to the adsorption of some organic molecules can be highlighted [7,8]. 73 
 Some expired drugs have also been used as corrosion inhibitors for other metals such as 74 
copper, aluminum and alloys. The metronidazole drug presented a high performance as 75 
corrosion inhibitor for copper in 1.0 M HCl solution [14]. Penicillins, cephalosporins, 76 
aminoglycosides, azoles and other drugs were the most studied compounds as corrosion 77 
inhibitors for aluminum and its alloys in various solutions [15, 16]. 78 
 Recently, the use of neomycin as corrosion inhibitor for stainless steel in 2.0 M H2SO4 79 
solution [17], for carbon steel in 1.0 M HCl solution [18] and for mild steel in chloride 80 
environment [19] was reported. The inhibition efficiency of this drug was calculated according 81 
to the weight loss and electrochemical measurements. Raja et al. [17] proved that neomycin 82 
behaves as a corrosion inhibitor for 304L stainless steel in sulfuric acid solution, reaching an 83 
inhibition efficiency of about 89.0%, at its concentration of 3.0 mM, calculated from the mass loss 84 
method, the potentiodynamic polarization and the electrochemical impedance spectroscopy. 85 
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A.S. Fouda et al. [18] have studied the behaviour of the neomycin sulfate as corrosion inhibitor 86 
for carbon steel in 1.0 M HCl solution using chemical and electrochemical measurements, 87 
yielding from EIS, an inhibition efficiency value of 81.7%, the inhibitor concentration being of 88 
15∙10-6 M. They conclude that the neomycin acted by adsorption, mainly due to electrostatic 89 
interactions between the inhibitor molecules and the steel surface. Chitra and Anand [19] 90 
calculated an inhibition efficiency of 75.1% for mild steel corrosion in 2.0 M KCl solution 91 
containing 0.5 mM neomycin using the mass loss method.  The FTIR spectral study showed that 92 
the protective deposit consisted of a metal-neomycin complex. The IR adsorption peaks were 93 
attributed to some functional groups as (-OH) or bonds such as, C-H, C-N, C=C, C-O of the 94 
inhibitor molecules adsorbed on the steel surface [19]. 95 
 In the present work, the effect of neomycin sulfate (NMS), with the molecular formula 96 
C23H46N6O13  x H2SO4, on carbon steel corrosion inhibition in 1.0 M H2SO4 was investigated using 97 
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). Moreover, the 98 
changes appeared in the surface morphology, and the protective layer characteristics formed by 99 
adsorption of NMS molecules were studied by Atomic Force Microscopy (AFM).   100 
 101 
2. Experimental  102 
 103 
2.1. Materials 104 

 105 
The carbon steel plates with an area of 1.0 cm2, and following composition (weight %): 106 

C=0.1%; Si=0.035%; Mn=0.4%; Cr=0.3%; Ni=0.3%; Fe in balance, were submitted to corrosion in 107 
1.0 M H2SO4 solution. Before corrosion, the samples were mechanically polished with emery 108 
paper, ultrasonically cleaned, degreased with ethylic alcohol and dried in warm air. The 109 
corrosion tests were performed in 1.0 M H2SO4 blank solution and 1.0 M H2SO4 solution 110 
containing various neomycin concentrations: 0.3 mM; 0.5 mM; 0.7 mM; 0.9 mM. All reagents 111 
with adequate chemical purity were purchased from Sigma Aldrich.  112 
 113 
2.2. Electrochemical measurements 114 

 115 
 Both potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) 116 
were accomplished on carbon steel in 1.0 M H2SO4 solution without and with various NMS 117 
concentrations using an electrochemical system VoltaLab with VoltaMaster 4 software. An open 118 
space electrochemical cell with three electrodes was used. The working electrode was 119 
manufactured from carbon steel plates with the area of 1.0 cm2. A foil of platinum (area of 1.0 120 
cm2) and the Ag/AgCl electrode were used as auxiliary and reference electrodes, respectively. 121 
  The potentiodynamic polarization was conducted at the room temperature (23±1 oC) 122 
with the potential scan rate of 1.0 mV s-1, between -1000 mV and 100 mV, after 4.0 minutes of 123 
pre-polarization time of electrodes at open circuit. The potentiodynamic curves were processed 124 
as semi-log curves in the range of ±250 mV with respect to the corrosion potential (Ecorr). The 125 
corrosion current density (icorr) was computed to the intersection of Tafel lines, at the corrosion 126 
potential. Also, to determine the polarization resistance (Rp), the potentiodynamic polarization 127 
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curves were processed in a range close to the Ecorr (±20 mV), where i vs. E plots represent straight 128 
lines with the slopes equal to 1/Rp.  129 
 Before and after the potentiodynamic polarization, the UV-Vis spectrophotometric 130 
analysis of 1.0 M H2SO4 solution containing 0.9 mM neomycin was carried out in the wavelength 131 
range from 800 nm to 200 nm. The UV–Vis spectrophotometer, Varian-Cary 50 type, with Cary 132 
WinUV software was used to obtain the analysis reports. 133 

EIS was recorded as Nyquist diagrams in the frequency range of 105 Hz and 10-1 Hz, with 134 
an amplitude signal of 10 mV, at the room temperature (23±1 oC) after 4.0 minutes of relaxation 135 
time of the electrodes, at open circuit.   136 
 137 
2.3. Atomic Force Microscopy (AFM) measurements 138 
  139 
 The surface morphologies of the carbon steel control sample and carbon steel corroded in 140 
1.0 M H2SO4 blank solution and in 1.0 M H2SO4 solution containing 0.9 mM NMS were studied 141 
by non-contact mode atomic force microscopy (NC-AFM, PARK XE-100 SPM system). The 142 
cantilever had a nominal length of 125 mm, a nominal force constant of 40 N/m, and oscillation 143 
frequencies in the range of 275–373 kHz. We used horizontal line by line flattening as 144 
planarization method. Average roughness (Ra), root-mean-square (RMS) roughness (Rq) and 145 
maximum peak to valley height (Rp-v) of the surfaces were estimated over the areas of 45×45 146 
μm2.  147 
 148 
3. Results and Discussion 149 
 150 
3.1. Potentiodynamic polarization 151 
  152 
 The results of potentiodynamic polarization are presented in Figure 1. The 153 
potentiodynamic curves were processed as semi-log curves (Fig. 1a) from which the corrosion 154 
current density (icorr) was determined by applying the system of Tafel Equations (1 and 2) for 155 
anodic and cathodic processes. The polarization resistance (Rp) was calculated from the linear 156 
shapes of polarization curves recorded close to Ecorr, in the potential range of ± 20 mV (Fig. 1b), 157 
the corrosion current density (icorr) being computed by applying the Stern Geary Equation 3. 158 
                                                   corlgalga ibibη −=                                                    (1) 159 

                                 ibib lgccorlgc −=η                                                    (2) 160 

                                 
pca

ca
corr R

1
)b2,303(b

bb
i ⋅

+
⋅

=                                      (3) 161 

where: η is over-voltage; ba and bc are Tafel anodic and cathodic slopes; icorr and Rp are corrosion 162 
current density and polarization resistance, respectively. 163 
 From Fig. 1a, it can be seen that the addition of NMS leads to: (i) the shifting of curves 164 
to higher potential values for all NMS concentrations, which entails the increase of the corrosion 165 
potential (Ecorr) in proportion to the increase in drug concentration; (ii) the movement of the 166 
polarization curves in lower current areas highlights the decrease in corrosion current density 167 
(icorr) with the NMS concentration increase; (iii) the addition of NMS in 1.0 M H2SO4, solution 168 
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affects more the anodic process than the cathodic one and consequently, NMS acts as a mixed 169 
inhibitor, predominantly anodic, indicating the occurrence of a protective film [20] on the carbon 170 
steel surface that leads to the decrease of the corrosion current density. 171 
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 172 
Figure 1. The potentiodynamic polarization curves recorded for carbon steel corroded in 1.0 M 173 
H2SO4, in the absence and in the presence of NMS: a - Tafel diagram; b - linear diagram obtained 174 
in the potential range of ±20 mV around Ecorr. 175 
  176 
 The main electrochemical parameters were calculated using VoltaMaster 4 software and 177 
these are listed in Table 1. From the straight lines (Fig. 1b) drawn in the potential range of ± 20 178 
mV, close to corresponding Ecorr, the polarization resistance (Rp) was determined according to 179 
the Eq. 4 [14].  180 
                                                             181 

                                       1/Rp = (di/dE) E→Ecorr                                                  (4)                                                 182 
 183 
where (di/dE)E→ Ecorr represents the slope of the straight lines shown in Fig. 1b. 184 
 The slopes of straight lines were calculated by deriving the equations inserted in the 185 
graph from Fig. 1b. A gradual increase of the polarization resistance is noticed, from 4.4 Ω cm2 186 
for the uninhibited solution to 20.9 Ω cm2 for the solution containing 0.9 mM neomycin, thus 187 
confirming the protective film formation [14] on the steel surface. 188 
 189 
3.2. Electrochemical impedance spectroscopy (EIS) 190 
  191 
 Electrochemical impedance spectroscopy (EIS) was applied on carbon steel surface in 1.0 192 
M H2SO4 solution without and with NMS after 4.0 minutes relaxation time of the electrodes, at 193 
open circuit. The Nyquist and Bode diagrams were recorded, as shown in Figure 2. The Nyquist 194 
diagram (Fig. 2a) clearly shows that the increase of the NMS concentration leads to more 195 
extensive capacitive loops recording and consequently, the charge-transfer resistance (Rct) 196 
increases [4,5,7]. The presence of neomycin in 1.0 M H2SO4 solution leads to steel surface 197 
changes due to the inhibitor adsorption and, thus, the polarization resistance (Rct) increases with 198 
the increase of the NMS concentration. The Bode diagram (Fig. 2b) shows that the impedance 199 
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response increases with the increase of the NMS concentration reaching a logarithmic value of 200 
1.27, at an inhibitor concentration of 0.9 mM, significantly higher compared to that obtained for 201 
the blank acidic solution, when the value of 0.9 was recorded for logZ. Moreover, in the 202 
presence of NMS, the phase angle maximum is shifted to lower frequencies compared to the 203 
blank, varying from -51.63 degrees in the absence of NMS to -59.67 degrees in its presence. 204 
Consequently, the presence of NMS leads to the appearance of a layer which interposes at the 205 
metal/electrolyte interface, reducing the corrosion rate of carbon steel in sulfuric acid solution.  206 
 As in other studies [21,22] for the fitting the experimental data, the Randles equivalent 207 
circuit (inserted in Fig. 2a) was used, where charge-transfer resistance (Rct) is linked in parallel 208 
position with constant phase element (CPE), both being connected in series with solution 209 
resistance (Rs). 210 
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 211 
Figure 2. Nyquist (a) and Bode (b) diagrams recorded for carbon steel in 1.0 M H2SO4 blank 212 
solution and in 1.0 M H2SO4 solution containing various NMS concentrations   213 
 214 
 The effect due to the carbon steel surface imperfections is reflected by the CPE [23]. The 215 
CPE impedance (ZCPE) was calculated using the Equation 5 [23,24]. 216 

                                    
( )nωjT

Z
CPE

1=      (5) 217 

where: T is a proportional factor;  j equals −1; ω represents the angular frequency; n is the phase 218 
shift, between zero and unity related to the constant phase angle of the CPE. When n = 0, ZCPE 219 
corresponds to a resistance with R = T -1; if n = 1, ZCPE is a capacitance with C = T. When n is 220 
closely near 1, the CPE obeys the capacitive behaviour, being assimilated with the double-layer 221 
capacitance (Cdl), as shown in Table 1.  222 
 Similar to potentiodynamic polarization, electrochemical parameters were calculated 223 
using the VoltaMaster 4 software, and the results are presented in Table 1. Also, Table 1 shows 224 
the inhibition efficiency (IE) calculated as a function of (icorr) and (Rct), as shown the Equation 6 225 
and 7 [20,23-25]. 226 

                                100o

o

corr

corrcorr ×
−

=
i

ii
EI                     (6) 227 
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                                 100
ct

o

ctct ×
−

=
R

RR
IE          (7) 228 

where: iocorr and Roct are the corrosion current density and charge-transfer resistance, respectively 229 
computed for the carbon steel corroded in 1.0 M H2SO4 blank solution, icorr and Rct represent the 230 
corrosion current density and charge-transfer resistance, respectively, computed for carbon steel 231 
corroded in 1.0 M H2SO4 solution containing various NMS concentrations.  232 
 In Table 1 the IE values obtained by averaging values computed from both 233 
potentiodynamic polarization and EIS are presented. 234 
 235 
Table 1. The effect of the NMS concentration on the electrochemical parameters obtained from 236 
potentiodynamic polarization and EIS and its average inhibition efficiency (IE) for carbon steel 237 
corrosion in 1.0 M H2SO4 solution at the room temperature 238 
 239 

C-NMS/ 
mM 

Ecorr/ mV 
vs.Ag/AgCl 

 

icorr/ 
μA cm-2 

Cdl/ 
μF cm-2

n 
Rct/ 
Ω cm2

IE/% 
from 
Tafel 

from 
EIS 

average 
values 

0 -584.5 1560 520 0.963 5.3 - - - 

0.3 -568.0 690 290 0.981 14.4 55.8 63.2 59.5±3.5

0.5 -554.5 540 225 0.979 16.6 65.4 68.1 66.8±1.3

0.7 -554.0 460 197 0.975 17.2 70.5 69.2 69.9±07

0.9 -547.0 320 165 0.968 19.8 79.5 73.2 76.4±3.2

  240 
 The experimental data listed in Table 1 shows that NMS behaves as corrosion inhibitor 241 
for carbon steel, in 1.0 M H2SO4 at the room temperature. The following arguments support this 242 
statement: (i) the increase of the NMS concentration leads to icorr breakdown while Rct increases 243 
and Cdl decreases; (ii) IE follows the same increasing trend as the inhibitor concentration; (iii) the 244 
NMS inhibition action is due to the adsorption of its molecules on carbon steel surface, 245 
contributing to formation of a surface protective layer [23-26]. 246 
 247 
3.3. NMS adsorption mechanism 248 
  249 
 The adsorption can be quantitatively expressed by applying adsorption isotherms. The 250 
fitting of the degree of surface coverage (θ) values with the maximum regression coefficient (R2) 251 
enables the accurate determination of the adsorption-desorption equilibrium constant (K) and 252 
then the calculation of the standard adsorption free energy (ΔGoads) [20-28]. 253 
 In our study, the experimental data were successfully fitted by applying the Langmuir 254 
adsorption isotherm (Fig. 3a), its linearized form being expressed by the relation 8 [27]. 255 
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                                         CK

θ
θ ⋅=

−1
                                                (8) 256 

where C is the NMS concentration (M) in the bulk electrolyte; θ is the average value of the 257 
degree of surface coverage, being calculated as IE/100; K is the adsorption-desorption 258 
equilibrium constant.  259 

By plotting θ/(1- θ) as a function of C, the straight line was obtained with the slope equal 260 
to K (3379.1 L mol-1) and  the R2 value of 0.97.  Equation 9 was used to determine the standard 261 
adsorption free energy (ΔGoads) [26,27]. 262 
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 263 
Figure 3. Langmuir diagram (a) corresponding to neomycin adsorption on carbon steel surface 264 
in 1.0 M H2SO4 inhibited solution and molecular structure of neomycin B (b) 265 

                 266 
                  ΔGoads = R∙T [ln (1/55.5) – lnK]    (9) 267 

 268 
where R is the universal constant of gases (8.31 J mol-1 K-1), T is the temperature (298 K) and 55.5 269 
is the value of the molar concentration of water in the solution. 270 
 The ΔGoads value of -30.06 kJ mol-1 certifies a spontaneous moderate adsorption of NMS 271 
molecules on carbon steel surface.  272 
 To appreciate the type of adsorption as physisorption or chemisorption the binding 273 
energy (BE) of the adsorbate to the substrate can be determined [5]. Thus, knowing that 1.0 kJ 274 
mol-1 is equal to 1.04∙ 10−2 eV/molecule, it can be observed that the binding energy of neomycin 275 
molecule reaches the value of 0.31 eV. This is higher than the typical binding energy of 276 
physisorption that ranges between 0.01 eV and 0.1 eV, but less than that corresponding to 277 
chemisorption when, usually, the binding energy varies from 1.0 eV to 10.0 eV. Consequently, 278 
there is a synergism between the physical and chemical adsorption and consequently, 279 
adsorption mixed mechanism of the neomycin molecules on the carbon steel surface takes place. 280 
Based on the molecular structure of the inhibitor (Fig. 3b), it can be observed that the adsorption 281 
of NMS molecules on carbon steel surface can be achieved by: (1) weak bonds between the 282 
neomycin molecules and carbon steel surface suggesting physical adsorption which leaves intact 283 
the chemical species; (2) stronger interaction between the neomycin molecules and the carbon 284 
steel surface involving bonds between the unshared electron pairs from the oxygen and nitrogen 285 
atoms and d-vacant orbital of iron from metal surface, indicating chemical adsorption; (3) also, 286 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 October 2017                   doi:10.20944/preprints201709.0061.v2

Peer-reviewed version available at Coatings 2017, 7, 181; doi:10.3390/coatings7110181

http://dx.doi.org/10.20944/preprints201709.0061.v2
http://dx.doi.org/10.3390/coatings7110181


                       

 9

the complexes of neomycin-iron ions [19] can be adsorbed onto the steel surface through Van 287 
der Waals bonds [5].  288 
 Neomycin sulfate is a particular aminoglycoside antibiotic being the mixture of two 289 
stereoisomers as neomycin B (main product presented in Fig. 3b) and neomycin C, less than 3.0 290 
% [29,30]. Acid hydrolysis of neomycin B yields neamine and neobiosamine B; the hydrolysis of 291 
neomycin C leads to neamine and neobiosamine C [30]. Neobiosamine B and C are composed of 292 
D-ribose and neosamine B and C, respectively [30]. To elucidate the neomycin behavior, the UV-293 
Vis spectrophotometry of 1.0 M H2SO4 solution containing 0.9 mM neomycin was performed. 294 
The UV-Vis scans before and after potentiodynamic polarization are illustrated in Fig. 4. 295 
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 296 
Figure 4. The UV-Vis scans of 1.0 M H2SO4 solution containing 0.9 mM neomycin recorded 297 
before and after potentiodynamic polarization.  298 
 299 
 Before the potentiodynamic polarization, the UV-Vis spectrum shows an absorption 300 
maximum centered around 262.0 nm; it starts at 312.0 nm and extends up to 235.0 nm. The UV-301 
Vis spectrum of neomycin in bi-distilled water solvent showed an adsorption maximum at 302 
wavelength, λmax of 304.8 nm [31]. Consequently, in 1.0 M H2SO4 solution certain interferences 303 
with neomycin occur leading to the results above mentioned. After potentiodynamic 304 
polarization, a completely different spectrum was recorded. A peak highlighted at 293.0 305 
(begining from 360.0 nm and ending to 260.0 nm) is followed by an extended loop from 267.0 306 
nm to 220.0 nm. These results suggest the environment composition changing, after 307 
potentiodynamic measurements, by the appearance of other chemical species formed by 308 
inhibitor decomposition reaction, interfering with neomycin around 293.0 nm. Thus, the 309 
concentration of neomycin decreases causing the alteration of its spectrum, but in the same time 310 
the absorbance increases due to new chemical species appearance. According to literature data, 311 
the main decomposition compounds consist of neamine and neobiosamine [30]. The neomycin B 312 
electrochemical decomposition mechanism is proposed, as shown in Scheme 1.  313 
 314 
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 316 
Scheme 1. The decomposition mechanism of neomycin B. 317 
 318 
 Neomycin exhibits relative stability during potentiodynamic polarization. In acidic 319 
aqueous environments and high values of anode voltage, the etheric bridges between the 320 
aminoglycoside cycles may be cleaved with the formation of neamine and neobiosamine as 321 
main compounds and a mixture of other monocyclic species, leading to the composition 322 
changing of corrosive environment (Scheme 1). Thus, during potentiodynamic measurements, 323 
adsorbed molecules of neomycin and its electrochemical degradation compounds can occur on 324 
carbon steel surface, involving the composition modification of the surface upper-layer.  325 
 The action mechanism of neomycin as corrosion inhibitor of carbon steel in 1.0 M H2SO4 326 
solution is more complex than that reported for 304 stainless steel that involved physisorption 327 
and other interactions [17], inhibitor performance being attributed to strong adsorption of 328 
nitrogen atoms [17]. It is known that the 304 stainless steel has the composition and surface 329 
characteristics different from those of carbon steel.   330 
 331 
3.4. Atomic Force Microscopy (AFM) technique  332 

 333 
The NMS addition in 1.0 M H2SO4 solution modified  the  morphology and topography 334 

of the carbon steel surface, as shown by AFM, based on the examination at nano-level of metal 335 
surfaces [32], which is displayed in Figure 5. This figure illustrates the 2D and 3D images of 336 
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carbon steel surfaces, before and after potentiodynamic polarization in 1.0 M H2SO4 solution 337 
uninhibited and inhibited with 0.9 mM neomycin. Both 2D and 3D images highlight the major 338 
change of  surface morphology of carbon steel corroded in sulfuric acid without (Fig. 5b) and 339 
with NMS (Fig. 5c) compared to that exhibited for the standard sample (Fig. 5a). Fig. 5a shows 340 
the specific surface of the standard sample, which was initially subjected to a characteristic 341 
mechanical processing.  342 
 343 

 344 
 345 
Figure 5. 2D and 3D AFM images obtained for carbon steel surface: a - before corrosion (control 346 
sample); b - after potentiodynamic polarization of carbon steel in 1.0 M H2SO4 solution in the 347 
absence of the inhibitor; c - after potentiodynamic polarization of carbon steel in 1.0 M H2SO4  348 
solution containing 0.9 mM neomycin   349 
  350 
 In the inhibitor absence (Fig. 5b), the surface layer is uneven and strongly affected areas 351 
that occurred during corrosion are highlighted. In contrast, the surface layer of carbon steel 352 
corroded in the presence of NMS (Fig. 5c) is more uniform, suggesting that the neomycin 353 
adsorbed molecules contributed to the surface protective layer formation. 354 
  The AFM parameters such as: Rq - Root-mean-square (RMS) roughness; Ra - Average 355 
roughness; Rp-v - Maximum peak to valley height  are presented in Table 2. 356 
 As expected, the smallest parameters were obtained for the standard sample. In the 357 
absence of NMS, the higher values for Ra, Rq and Rp-v were obtained, indicating that the surface 358 
morphology and roughness changed [32,33]. In the presence of the NMS inhibitor, the values of 359 
the AFM parameters decreased, indicating a smoother surface compared to that of carbon steel 360 
corroded in blank solution, but higher than that of the standard sample.  361 
 Consequently, NMS behaves as corrosion inhibitor for carbon steel in 1.0 M H2SO4, 362 
reaching an inhibition efficiency value of 76.4%, at a concentration of 0.9 mM.  The interaction 363 
process of neomycin molecules with the carbon steel surface takes place by a mixed mechanism 364 
of spontaneous physical and chemical adsorption. The inhibitor electrochemical degradation 365 
compounds contribute to the protective layer formation that restricts the corrosion processes. 366 
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 It is noted that drugs have a significant inhibitory performance, most of them reaching 367 
efficiency greater than 75.0%, depending on their concentration in the tested environment, type 368 
of steel, electrolyte composition and pH, temperature, etc. [19, 27].  369 
 370 
Table 2. AFM roughness parameters obtained for carbon steel uncorroded and corroded in 371 
saline blank solution and in saline blank solution containing 0.5 mmol L-1 FATTZ 372 
 373 
 374 
 375 

 376 
 377 
 378 
 379 
 380 
 381 
   382 
 In our previous studies, for the same type of carbon steel and under the same laboratory 383 
conditions, we reported an inhibition efficiency of 93.6% for quinine sulfate, at 0.4 mM in 1.5 M 384 
HCl solution [4], 92% for trimethoprim [2] and 87.3% for aminophylline [5], at 0.9 mM and 0.6 385 
mM, respectively, in 1.0 M HCl solution. Moreover, the metronidazole inhibition performance in 386 
1.0 M HCl solution was investigated for different substrates, when at an inhibitor concentration 387 
of 0.8 mM, the inhibition efficiency reached 67.9% for 304L stainless steel [23], around 80.0% for 388 
carbon steel [23] and copper [14]  and 88.3% for aluminum [23].  389 
 The vanillin food additive tested as corrosion inhibitor for carbon steel in 10-3 M HCl 390 
solution containing 8.0 mM inhibitor reached an inhibition efficiency of 83.1% [34].  391 
 The amino-acids inhibition efficiency for the 316L stainless steel corrosion in 1.0 M H2SO4 392 
containing 0.1 M inhibitor ranged as follows: glycine (84.2%)>valine (38.2%) >leucine (33.5%) 393 
[35]. All these inhibitors acted by adsorption on substrates, blocking the surface active sites.   394 
 395 
 396 
4. Conclusions 397 
 398 
 Neomycin sulfate was investigated as inhibitor for the carbon steel corrosion in 1.0 M 399 
H2SO4 solution, using potentiodynamic polarization and electrochemical impedance 400 
spectroscopy associated with AFM .  401 
 The electrochemical measurements showed that in the inhibitor presence the corrosion 402 
current density decreased, while polarization resistance increased. Consequently, the  inhibition 403 
efficiency increased with the increase of the inhibitor concentration, reaching an average value 404 
of 76.4%, at  0.9 mM neomycin concentration.  405 
 The experimental data were fitted according to the Langmuir adsorption isotherm, from 406 
which the adsorption-desorption equilibrium constant (K) value of 3379.1 L mol-1 was 407 
calculated. The standard adsorption free energy (ΔGoads) of -30.06 kJ mol-1 was obtained, and 408 

Sample Rq/ nm Ra/nm Rp-v /nm 

Carbon steel, control sample 125.1 95.6 647.4 

Carbon steel/1.0 M H2SO4 397.0 308.0 1634.0 

Carbon steel/1.0 M H2SO4/0.9 mM NMS 170.1 127.1 896.6 
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consequently, a mixed mechanism for spontaneous adsorption of neomycin molecules was 409 
proposed as the synergism between physical and chemical adsorption, the first prevailing.  410 
 The surface protective layer composition mainly consists from neomycin and a mixture 411 
of its derivative compounds and complexes of inhibitor-iron ions, inclusively. 412 
 AFM confirmed that the neomycin adsorbed molecules on carbon steel surface 413 
contributed to the occurrence of a more uniform protective layer than that formed in the absence 414 
of the inhibitor.   415 
 416 
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