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New sandwich type materials based on MnTa2O6 and porphyrins mono- and tetra-substituted with –COOH groups, 

namely: (tetrakis-(4-carboxy-phenyl)-porphyrin and 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin) have been 

synthesized and studied to assess the importance of its corrosion inhibition ability on with regard to its of steel the number 

of –COOH anchors. Morphological investigations on thin films have been carried out by atomic force microscopy. The 

inhibition of corrosion has been evaluated by open circuit potential measurements and potentiodynamic polarization 

technique with Tafel representation, after drop-casting deposition onto carbon steel in 0.1M HCl media. The inhibition 

efficiency of the novel sandwich-type materials based on pseudo-binary oxide MnTa2O6 and tetrakis-(4-carboxy-phenyl)-

porphyrin or 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin is in the range 76-86% for tetra substituted porphyrin and 

84-95% for the mono-COOH substituted porphyrin. 
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The corrosion of materials has continued to interest 

scientists in their endeavor to search for better coating 

materials and efficient technological methods for 

obtaining uniformly coated layers on the metallic 

substrates of various geometric configurations in order 

to avoid or at least decrease the destruction of metals
1-8

. 

Coating of steel with corrosion inhibitors, 

especially based on pseudo-binary oxides and/or 

porphyrins, leads to significant reduction of the 

corrosion in aggressive acid media thus increasing the 

lifetime of the protected installations
9-15

. 

A single layer of ZnTa2O6 pseudo-binary oxide 

deposited by PLD on steel provided an inhibition 

efficiency of 38.87% in 0.1M NaCl solution
16

. The 

composition containing a larger amount of zinc, 

Zn3Ta2O8, deposited by PLD as single layer on carbon 

steel can produce an inhibition efficiency of 24.52 % 

in 0.1M Na2SO4 solutions
17

.

Sandwich layers containing two pseudo-binary 

oxides were tested for assessing their performance with 

respect to the corrosion protection of steel. Thus 

ZnV2O6/ZnTa2O6 deposited by PLD showed a 

significantly increased corrosion inhibition efficiency 

of 88.46 % in aggressive 0.1M HCl acid medium
18

. 

Overlapping layers of other metals pseudo-binary 

oxides, MgTa2O8/MgNb2O8 presented similar corrosion 

inhibition efficiency, of 87.03%, when deposited onto 

steel, in 0.05M H2SO4 medium
19

. The method of

obtaining of the pseudo-binary oxides has a great 

influence on the corrosion inhibiting properties. For 

instance, ZnTa2O6 obtained by hydrothermal method 

was the most efficient when associated with ZnV2O6, 

in double layers, giving a result of 88.29 % inhibition 

efficiency in 0.1M NaCl solution
20

. In the last decade, 

tantalum and manganese contained in different pseudo-

binary oxides were widely taken into account for 

corrosion inhibition approaches due to their excellent 

results obtained in several aggressive environments
21-36

. 

On the other hand, porphyrin-base compounds, solely 

or involved in composite layers with diverse mixed 

metal oxides, may form physical or even chemical 

bonds with metal substrate to be protected, showing an 

already recognized potential as corrosion inhibitors
37,38

. 

Porphyrins of different structures
17

 and their Zn-

metalloporphyrins
16,39

, have been investigated solely 

or in several bilayer structured compositions with a 

conducting polymer (poly-aniline) or with pseudo-

binary oxides (Zn3Ta2O8, Zn3V2O8 and Zn3Nb2O8) 
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providing inhibition efficiencies higher than 80% for 

carbon steel samples. Mixed substituted A3B 

porphyrins possessing one pyridyl substituent and 

other three inductive electron donor groups, such as: 

5-(4-pyridyl)-10,15,20-tris(phenoxy-phenyl)-

porphyrin(PyTFen) and 5-(4-pyridyl)-10,15,20-

tris(3,4-dimethoxy-phenyl) porphyrin have been 

tested and gave the best protecting results. 

The present study is focused on enhancing 

corrosion inhibition of modified steel electrodes with 

thin layers of MnTa2O6 pseudo-binary oxide and with 

one of the two different porphyrins, namely: tetrakis-

(4-carboxy-phenyl)-porphyrin or 5-(4-carboxy-

phenyl)-10,15,20-tris-phenyl-porphyrin, in order to 

highlight the contribution of the number of –COOH 

grafted groups. The layers were deposited using the 

drop-casting technique, in single or sandwich type 

structures on carbon steel disks. The corrosion tests 

were performed in 0.1 M HCl media. 
 

Experimental Section 

General method for obtaining MnTa2O6 nanomaterials 

The pseudo-binary oxides MnTa2O6 nanomaterials 

were obtained by solid-state method using the molar 

ratios 1:1 between Mn-precursor and Ta-precursor. 

The starting materials used during the synthesis were: 

tantalum (V) oxide - Ta2O5 (99.99%, Merck), and 

manganese oxide -MnO (99.99%, Merck), 

respectively tantalum (V) oxide - Ta2O5 (99.99%, 

Merck), and manganese nitrate tetrahydrate 

Mn(NO3)2×4H2O (99.99%, Sigma-Aldrich).The 

obtained materials were in the form of powders and 

these were subsequently heated at 1100°C for a 

soaking time of 6 h. The samples were heated and 

cooled in a furnace at a rate of 5°C min
-1

. 

The X-ray diffraction patterns for: a) MnTa2O6 

(from manganese oxide), b) MnTa2O6 (from 

manganese nitrate tetrahydrate) are presented in 

Fig 1, from which it could be observed that besides 

the main peaks associated with the MnTa2O6 pure 

nanomaterials, some associated peaks appeared 

indexed with JCPDS, card No. 01-072-0485, 

belonging to the Pbcn space group. 

The intensity of the peaks, relative to the 

background signal, demonstrates the high purity and 

good quality of the samples.  

The highest intensity peak is located at 2θ = 29.8° 

for MnTa2O6 which belong to the 311 plane. 

The lattice constants for MnTa2O6 were calculated 

from XRD analysis data, using Full Prof Suite 

computer package: a = 14.46 Å, b = 5.78 Å, c = 5.11 

Å, α = β = γ = 90°and the elementary cell volume  

(V / 10
6
 / pm

3
) is 421.54.  

The micrographs aspects of the resulting powders 

were examined by SEM, as shown in Fig 2. for: a) 

MnTa2O6 (from manganese oxide), b) MnTa2O6 (from 

manganese nitrate tetrahydrate) nanomaterials. 

The morphology revealed the formation of soft 

spherical or ovoid type agglomerates with uniform 

lace covering aspect (both mesopores and macropores 

were present). 
 

Method for obtaining carboxyl-substituted A4 and A3B 

porphyrins 

The A3B asymmetrical porphyrin, 5-(4-carboxy-

phenyl)-10,15,20-tris-phenyl-porphyrin was obtained 

by Adler-Longo multicomponent reaction method and 

fully characterized, as described in previous published 

report
40

.  

The tetrakis-(4-carboxy-phenyl)-porphyrin was 

synthesized by Lindsey method
41

 using p-methoxy-

carbonyl-benzaldehyde, BF3.OEt2 and chloranil. Final 

step was the hydrolysis in aqueous HCl solution 

(35%). 

The aspect of porphyrin aggregates is different, as 

revealed in STEM images from Figs 3(a) and 3(b). 

The tetra carboxylic substituted porphyrin is 

organized in perfect spheres with diameters varying 

from 70-300 nm, while the mono-COOH substituted 

porphyrin forms ovoid type architectures of more 

uniform larger dimensions (around 2 µm in the higher 

diameter). 
 

Design of the structured coverings Method of deposition 

Equipment 

All materials, MnTa2O6 pseudo-binary oxide, 

tetrakis-(4-carboxy-phenyl)-porphyrin and 5- 

 
 

Fig. 1 — XRD patterns of: a) MnTa2O6 (from manganese oxide), 

b) MnTa2O6 (from manganese nitrate tetrahydrate). 
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(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin, 

were used to obtain single or sandwich type structures 

by drop casting technique on carbon steel AISI 1144 

(OL) disks electrodes (10 mm diameter and 2 mm 

thick). 

The deposition order and the combinations of the 

layers in the sandwich structures are presented in 

Table 1.  

The morphologies of the obtained single and 

sandwich structures obtained by drop-casting were 

investigated by atomic force microscopy on AFM 

(Model Nanosurf Easy Scan 2 Advanced Research) 

using the noncontact mode cantilever (scan size of 1.1 

μm × 1.1 μm). Electrochemical measurements were 

performed using a Voltalab potentiostat (Model PGZ 

402). Disks of carbon steel AISI 1144 (OL) 

containing (wt%): 97.54 - 98.01% Fe; 0.4 - 0.44% C; 

1.35 - 1.65% Mn; 0.04% max P; 0.24 - 0.33% S were 

employed as working electrodes.  

Before each thin film deposition, the carbon steel 

disk surfaces were polished to a mirror-like surface, 

finished by using emery paper, rinsing further with 

double distilled water and finally degreasing with 

ethanol. 

To investigate the corrosion inhibition capacities of 

the realized thin films, electrochemical measurements 

 
 

Fig. 2 — SEM micrographs of: a) MnTa2O6 (from manganese oxide), b) MnTa2O6 (from manganese nitrate tetrahydrate). 

 

 
 

 
 

Fig. 3 — (a) STEM images (80 kV) of tetrakis-(4-carboxy-phenyl)-porphyrin from THF and (b)STEM images (80 kV) of 5-(4-carboxy-

phenyl)-10,15,20-tris-phenyl-porphyrin from THF. 
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were performed. The measurements were performed 

using a Voltalab Model PGZ 402 potentiostat coupled 

with a three electrode electrochemical cell, comprised 

of: bare (OL) or drop casting modified alloy steel 

tubes disk as working electrode, a platinum wire as 

counter electrode and a saturated calomel electrode as 

reference electrode (SCE). The working electrodes 

were mounted in a Teflon body to ensure a controlled 

active surface. The potentiodynamic polarization 

measurements were recorded at 23°C, by sweeping 

the potential in the -1.3 V ÷ -0.6 V range at a scan rate 

of 1 mV/s. The open circuit potential (OCP) of the 

modified electrodes was monitored for 30 min before 

polarization. The electrolyte solution used for the 

corrosion tests was 0.1M HCl. The degree of 

inhibition efficiency (IE) was calculated based on the 

equation published in literature
42

. 
 

Results and Discussion 

Morphological characterization 

Figure 4 shows AFM images recorded for various 

single and sandwich structures based on combinations 

of pseudo-binary oxides and porphyrins before and 

after corrosion tests in 0.1M HCl media. The surface 

features are significantly changed after the corrosion 

test in unprotected carbon steel consisting in the 

formation of large channels.  

Regarding the covered steel electrodes, the main 

changes are also consisting in the generation of large 

channels or pores, but there are also morphologic 

transformations, such as in cases of electrodes (e, f, g, 

h, k, m and n from Fig 4), that consist also in a 

rearrangement of the aggregates, from triangular or 

shell type architectures to smoother films that are 

continuously covering the surface without any break. 

The surface roughness - the average roughness (Sa) 

and the mean square root roughness (Sq) – were 

calculated from AFM data, using the Nanosurf Easy 

Scan 2 software, for each covered electrode
43

. 

The nanorugosity and the particle dimensions were 

calculated for each of the deposited surface (Table 2). 

It can be observed that the sandwich structures have 

increased values of the nanorugosity. The highest 

value of nanorugosity is in the case thin films deposed 

with 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-

porphyrin / MnTa2O6 (obtained from manganese 

nitrate tetrahydrate) and has a value of 49.42 nm. The 

thickness of the layers (Sy) was also calculated for 

each deposition. 

 
Polarisation curves 

Fig. 5 shows the OCP versus time for bare and 

modified carbon steel disk electrodes in 0.1 M HCl 

electrolyte solution for 30 min. The drop-casting 

deposited layers determined the shifting of the OCP 

of the electrodes toward more positive values, 

compared with the non-protected OL electrode.  

The OCP measurements (Fig. 5) showed that all 

the deposited layers, no matter of their composition or 

complexity, stabilized the electrodes around 800 s. 

The Tafel plots (potential vs. log current density) 

of the OL disk electrodes modified by drop casting 

deposition, recorded in 0.1M HCl solution, are 

displayed in Fig 6. The kinetic parameters obtained 

from Tafel plots are presented in Table 3. 

The thin films obtained by depositing the pseudo-

binary oxides on top of the porphyrin layer exhibited 

a significantly lower corrosion current density (hence 

a better corrosion inhibition efficiency) than the rest 

of the protected disk electrodes. This can be explained 

by an adherent coverage provided by the porphyrins 

in contact  with  steel  that  is  further   improved  in  

Table 1 —Drop casting thin film depositions 

Sample Target material and deposition order Deposition Mode 

a MnTa2O6 (from manganese oxide) Single structure 

b MnTa2O6 (from manganese nitrate tetrahydrate) Single structure 

c tetrakis-(4-carboxy-phenyl)-porphyrin Single structure 

d 5-(4-Carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin Single structure 

e MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin Sandwich structure 

f MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin Sandwich structure 

g MnTa2O6 (from manganese nitrate tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin Sandwich structure 

h MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin Sandwich structure 

k Tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide) Sandwich structure 

l Tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) Sandwich structure 

m 5-(4-Carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese oxide) Sandwich structure 

n 5-(4-Carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) Sandwich structure 
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Fig. 4 — 2D AFM images for the depositions with the following structures before and after corrosion tests:  OL (bare electrode),  

a) MnTa2O6 (from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin;  

d) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin;  

f) MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate 

tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-

tris-phenyl-porphyrin; k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-phenyl) porphyrin 

/ MnTa2O6 (from manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese 

oxide); n) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) (Contd.) 
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Fig. 4 — 2D AFM images for the depositions with the following structures before and after corrosion tests:  OL (bare electrode),  

a) MnTa2O6 (from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin;  

d) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin;  

f) MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate 

tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-

tris-phenyl-porphyrin; k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-phenyl) porphyrin 

/ MnTa2O6 (from manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese 

oxide); n) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) (Contd.) 
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Fig. 4 — 2D AFM images for the depositions with the following structures before and after corrosion tests:  OL (bare electrode),  

a) MnTa2O6 (from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin;  

d) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin;  

f) MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate 

tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-

tris-phenyl-porphyrin; k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-phenyl) porphyrin 

/ MnTa2O6 (from manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese 

oxide); n) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) (Contd.) 
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Fig. 4 — 2D AFM images for the depositions with the following structures before and after corrosion tests:  OL (bare electrode),  

a) MnTa2O6 (from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin;  

d) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin;  

f) MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate 

tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-

tris-phenyl-porphyrin; k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-phenyl) porphyrin 

/ MnTa2O6 (from manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese 

oxide); n) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) (Contd.) 
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Fig. 4 — 2D AFM images for the depositions with the following structures before and after corrosion tests:  OL (bare electrode),  

a) MnTa2O6 (from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin;  

d) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin;  

f) MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate 

tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-

tris-phenyl-porphyrin; k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-phenyl) porphyrin 

/ MnTa2O6 (from manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese 

oxide); n) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) 
 

Table 2 — Calculated surface roughness  (the average roughness 

(Sa) and the mean square root roughness (Sq)) and the particle  
dimension  on OL and covered electrodes 

Electrode Area(pm2) Sa 

(nm) 

Sq 

(nm) 

Sy 

(μm) 

Particles 

dimension(nm) 

OL  

 

 

 

 

1.326 

2.73 3.47 - - 

a 14.11 20.82 119.51 105 

b 13.81 19.57 106.31 133 

c 17.93 23.58 126.75 89.7 

d 18.72 24.60 131.63 71.31 

e 19.6 24.86 172.02 62 

f 24.68 31.4 192.28 53.9 

g 20.04 24.70 181.06 60 

h 28.71 38.7 221.41 59 

k 23.43 28.35 190.8 55.7 

l 31.72 40.25 221.59 48.3 

m 44.06 53.87 301.57 41.2 

n 49.42 60.27 462.28 34 

 

uniformity by adding the pseudo-binary oxide. On the 

other hand, the MnTa2O6 does not offer a sufficient 

protection alone and strongly needs the synergistic 

contribution of porphyrin. 

The inhibition efficiencies (IE) were calculated 

based on equation (1) from
42

 and for all the samples 

were obtained values of IE over 64%  

(Table 3). 
 

       
     

     
        …(1) 

Where      
  and       are the corrosion current 

densities in the absence and in the presence  

of the deposited protected layers on carbon steel 

electrodes. 

As it can be seen in Table 3, where the calculated 

parameters from the Tafel plots are summarized, the 

corrosion current density (icorr) of the OL electrode is 

0.9548 mA/cm².  

The highest inhibition efficiency of 95.48%  

was observed in the case of OL protected with  

5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin 

/MnTa2O6 (obtained from manganese nitrate 

tetrahydrate) sandwich layers, that has a continuous 

shell-like morphology (Fig. 3n) and the value of 

corrosion current density more than 20 times lower 

than of not-protected OL, of only 0.0431 mA/cm². 

This deposition is also characterized by the  

highest value of thickness. As a general rule, there 

 is a proportional relationship between the deposited 

layer thickness (Table 1) and the corrosion inhibition 

efficiency, which leads to the conclusion that the 

protection process is mechanical.  

The polarization resistance (Rp) values of carbon 

steel material in 0.1M HCl increases from 101.35 

Ω∙cm
2 

for bare OL to 143.91 Ω∙cm
2 

for 5-(4-carboxy-

phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 

(from manganese oxide) (Table 3, m) indicating a 

significant inhibition of the  corrosion  process s when  
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Fig. 5 — Evolution of open circuit potential with time for the investigated electrodes in 1 M HCl for: OL (bare electrode), a) MnTa2O6 

(from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin; d) 5-(4-carboxy-

phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin; f) MnTa2O6 (from 

manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate tetrahydrate) / tetrakis-

(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; 

k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-phenyl)-porphyrin/ MnTa2O6 (from 

manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese oxide); n)  

5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) 
 

 
 

Fig. 6 — Tafel representation of polarization curves recorded in 1 M HCl for the investigated electrodes: OL (bare electrode),  

a) MnTa2O6 (from manganese oxide); b) MnTa2O6 (from manganese nitrate tetrahydrate); c) tetrakis-(4-carboxy-phenyl)-porphyrin; d)  

5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; e) MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin;  

f) MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin; g) MnTa2O6 (from manganese nitrate 

tetrahydrate) / tetrakis-(4-carboxy-phenyl)-porphyrin; h) MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-

10,15,20-tris-phenyl-porphyrin; k) tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide); l) tetrakis-(4-carboxy-

phenyl)-porphyrin/ MnTa2O6 (from manganese nitrate tetrahydrate); m) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 

(from manganese oxide); n) 5-(4-carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from manganese nitrate tetrahydrate) 
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Table 3 —Tafel parameters derived from potentiodynamic curves of carbon steel electrodes, unmodified and modified with mono-  

and bi-layers based on porphyrins and pseudo-binary oxides, after 30 minutes immersion in 0.1 M HCl. 

Sample Electrode Ecorr 

(mV) 

Rp 

(Ωcm2) 

icorr 

(mA/cm²) 

vcor 

(mmY-1) 

IE (%) 

 OL -406.3 101.35 0.9548 3.256 - 

a MnTa2O6 (from manganese oxide) -419.6 120.74 0.3108 2.010 67.44 

b MnTa2O6 (from manganese nitrate tetrahydrate) -416.9 105.87 0.3359 2.220 64.81 

c Tetrakis-(4-carboxy-phenyl)-porphyrin -412.9 107.03 0.2879 1.893 76.23 

d 5-(4-Carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin -417.2 136.33 0.1554 1.745 83.72 

e MnTa2O6 (from manganese oxide) / tetrakis-(4-carboxy-phenyl)-porphyrin -410.3 116.70 0.1480 1.731 84.54 

f MnTa2O6 (from manganese oxide) / 5-(4-carboxy-phenyl)-10,15,20-tris-

phenyl-porphyrin 

-416.2 102.99 0.1396 1.853 85.39 

g MnTa2O6 (from manganese nitrate tetrahydrate) / tetrakis-(4-carboxy-

phenyl)-porphyrin 

-411.1 114.14 0.1476 1.726 84.54 

h MnTa2O6 (from manganese nitrate tetrahydrate) / 5-(4-carboxy-phenyl)-

10,15,20-tris-phenyl-porphyrin 

-414.3 125.21 0.1388 1.623 85.46 

k Tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese oxide) -412.0 111.34 0.1446 1.678 84.85 

l Tetrakis-(4-carboxy-phenyl)-porphyrin / MnTa2O6 (from manganese nitrate 

tetrahydrate) 

-410.0 103.90 0.1361 1.566 85.74 

m 5-(4-Carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from 

manganese oxide) 

-415.2 143.91 0.1362 1.546 86.72 

n 5-(4-Carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / MnTa2O6 (from 

manganese nitrate tetrahydrate) 

-417.7 128.64 0.0431 1.475 95.48 

 

 
Fig. 7 — Mechanism of corrosion protection based on different types of porphyrin aggregation at the interface with steel surface 

 

applying this type of sandwich structure onto its 

surface. 

Taking into consideration the number of  

COOH functional groups grafted on porphyrin, it is 

clear that a better covering of the steel surface is 

realized if only one COOH anchor is used, 

characterized by better adherence (samples f, h, m, n), 

no matter of the deposition order. Even if comparing 

only the single layers deposited by the two 

porphyrins, there is a great difference of realized 

protection, namely, the 5-(4-carboxy-phenyl)-

10,15,20-tris-phenyl-porphyrin (sample d) has an 

inhibition efficiency of 83.7%, significantly higher 

than that of 76.2% realized by tetrakis-(4-carboxy-

phenyl)-porphyrin (sample c). We presume that the 

presence of four COOH groups modify the 

hydrophilic balance and might exfoliate from the 

surface of steel, or create a convex layer, allowing the 

aggressive media to enter into contact with the carbon 

steel. 

The mechanism of protection might be due to more 

causes: a link based on affinity between the iron 

atoms and the porphyrin core, an anchoring on the 

electrode steel surface through COOH by OH bonds, 

and important π-π interactions between the units of 

porphyrins macrocycles, that are arranging on steel 

surface in compact vertical plane (because porphyrins 

are discotic molecules and form columnar self 

assembly) (Fig. 7). 

On the other hand, the exposure of the porphyrin to 

the HCl induces aggregation and thus favours the 

protection against corrosion
44

.  
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Conclusion 

Drop-casting deposition of porphyrins and pseudo-

binary oxides inorganic nanomaterials in the form of 

single and sandwich coatings is successfully 

performed on carbon steel disks, with the purpose of 

realizing corrosion inhibiting layers. All promoted 

materials act as corrosion inhibitors within a range 

from 67-95 % of inhibition efficiency for carbon steel.  

There is a proportional relationship between the 

deposited layer thickness and the corrosion inhibition 

efficiency, which leads to the conclusion that the 

protection process is mechanically controlled. 

The OL modified with deposited layers of 5-(4-
carboxy-phenyl)-10,15,20-tris-phenyl-porphyrin / 
MnTa2O6 (derived from manganese nitrate 
tetrahydrate) show the best corrosion resistance (over 
95%) in comparison with the other types of 
depositions. 

In conclusion, a better covering of the steel surface 
is realized if only one COOH anchor is used, 
characterized by better adherence. It is presumed that 
the presence of four COOH groups modify the 
hydrophilic balance and might exfoliate from the 
surface of steel, or create a convex layer, allowing the 
aggressive media to enter into contact with the carbon 
steel. 
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