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Abstract 1 

Using ethylenediamine (en) as a structure-directing agent, a novel hybrid decavanadate 2 

(NH4)2(H2en)2{V10O28}.4H2O has been synthesized via a slow evaporation approach. A low-3 

temperature single crystal X-ray diffraction investigation was used to investigate its structural 4 

structure. Its crystal structure was studied using a low temperature single crystal X-ray 5 

diffraction analysis. The asymmetric unit is made up of a single [V10O28]6- monomer, one 6 

(NH4)+, one ethylenediammonium (H2en)2+ cation and two H2O molecules. Supramolecular 7 

interactions such as N─H···O and O─H···O hydrogen bonds build the three-dimensional 8 

network, ensuring connection between organic cations, water molecules, and the inorganic 9 

framework. The Fourier Transform Infrared result shows distinct bands associated to 10 

decavanadate moieties and organic molecules. The organic moieties, water molecules, and 11 

ammonium ions are all lost during the hybrid compound's thermal decomposition. The study of 12 

the corrosion inhibiting behavior of the decavanadate solution clearly showed a much stronger 13 

effect in acidic media than in neutral environment. However, the biological activity of 14 

(NH4)2(H2en)2{V10O28}.4H2O revealed humble results. 15 

 16 

Keywords: Decavanadate hybrid material; Structural analysis; Corrosion inhibition; Biological 17 

activity. 18 
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1. Introduction 1 

Making up to 150 ppm of the Earth's core, and comprises 0.014% of the Earth's crust, vanadium 2 

(V) is an extensively dispersed element generally occurring at low concentrations in about 65 3 

minerals; almost 15×10-3 g is detected in a 75 Kg heavy human body [1,2]. Vanadium has three 4 

stable oxidation states: V+3, V+4, and V+5, which have crucial biological significance, especially 5 

vanadates containing V+5. The oxidation states -1 and +2 are unstable forms. V, as Mo and W, 6 

are oxidized to give polyoxometalates (POMs), which are anionic clusters based on oxo-7 

complexes of transition metals; they have attracted considerable attention by virtue of having a 8 

variety of domains including catalysis, biology, materials science [3]. The polyoxovanadates 9 

(POVs) exhibit a large variety of structural features, ranging from metavanadates chains [VO3
-10 

]n, oxides layered [V4O10], to polyanions in a compact state [V10O28]6-, depending on the 11 

synthesis conditions, especially medium concentration and pH  [4]. Interestingly, Aureliano et 12 

al. reported on the decrease of the V+5-coordination upon pH increases of the solutions aiming 13 

the crystals synthesis [5]. Indeed, for pH ≈ 6, one get a yellow solution containing essentially 14 

decavanadate core (HnV10O28)n–6 (n = 0-4). For pH ≈ 6, a yellow solution containing essentially 15 

decavanadate core (HnV10O28)n–6 (n = 0-4) is gotten. Increasing pH and changing concentration 16 

conditions produce other polyoxovanadates, with [V2O7
2-] and [V4O12

4-]; whereas a decrease in 17 

ph eventually leads to the creation of additional decavanadate forms: [HV10O28]5-, [H2V10O28]4-18 

, [H3V10O28]3-, [H4V10O28]2- [6]. The growing interest of these polyanions is due to their 19 

important biological activities such as interactions with lipid interfaces, insulin enhancing, cell 20 

death and probing muscle contraction [7]. 21 

Recently, V-based compounds have been investigated for corrosion inhibition of Al alloys as a 22 

suitable alternative to Chrome [8,9]. However, due to the relatively high solubility of vanadium 23 

oxides in aqueous solutions, the area has received little study[10,11]. In an investigation of the 24 

release kinetics and protection effectiveness of vanadate-based pigments in epoxy-coated 25 
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AA2014-T6 panels, Smith et al. [12] found that vanadates are effective pigments for 1 

safeguarding Al alloys. A later investigation by Iannuzzi et al. concluded that in aqueous 2 

solutions, at neutral to basic pH range, vanadates gave the best performance as inhibitor for 3 

Aluminum [13]. Based on these findings, we tested our new hybrid vanadate 4 

(NH4)2(H2en)2{V10O28}.4H2O as corrosion inhibitor for mild steel in both acidic medium 1 M 5 

HCl and neutral solution of 3% NaCl. Our choice aims to select the appropriate medium, and 6 

to study further the mechanism of corrosion inhibition by potentiodynamic polarization (PP) 7 

and electrochemical impedance spectroscopy (EIS) measurements. We hereby report on the 8 

synthesis, via a soft chemistry route, of the title compound. We discussed its spectroscopic and 9 

thermal features correlated to its crystal structure. Moreover, we reported on its corrosion 10 

inhibition, bactericidal inhibition and antioxidant activities. 11 

2. Experimental, Materials and Methods 12 

2.1. Synthesis and crystallization of (NH4)2(H2en)2{V10O28}.4H2O 13 

All of the reagents and solvents used for the reported researches were purchased from Sigma-14 

Aldrich and employed without additional purification. Ammonium metavanadate (NH4)VO3 15 

(300 mg, 2.5 mmol) diluted in 20 mL distilled water and kept at 90 °C with continuous agitation. 16 

The obtained light-yellow solution was allowed to cool to 50 °C and 80 mg  17 

(0.4 mmol) of CuCl2.4H2O and 30 mg (0.5 mmol) of ethylenediamine were added before 18 

adjusting the brown color solution to pH 5 by adding HNO3 acid. The mixture was further 19 

stirred about 30 min before to be filtered and kept at room temperature. Orange crystals rose 20 

after two weeks, which are suitable for X-Rays single crystal analysis. They have been washed 21 

with an ethanol-water (80-20%) mixture and dried at ambient conditions. 22 

2.2. Single crystal X-ray diffraction measurements and structural determination 23 

The single crystal X-ray diffraction measurements were acquired at 100 (2) K on a Bruker D8 24 

Venture diffractometer, supplied with a two-dimensional CMOS detector (Bruker 25 
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PHOTON100), using the MoK-radiation (= 0.71073 Å). For the unit cell determination, the 1 

Bruker APEX package software [14] was employed, along with data reduction and analytical 2 

absorption adjustments. Direct techniques and consecutive Fourier difference syntheses were 3 

used to solve the appropriate structure in the space group P-1, and it was refined against F2 4 

using weighted full-matrix least-squares methods in the SHELXL97 software [15]. The non-H 5 

atoms were polished in an anisotropic manner. The WinGX software package [16] was used to 6 

do all computations. The structural graphics were drawn using DIAMOND program [17]. Table 7 

1 illustrates the crystal data, data gathering, and structural refinement information. The atomic 8 

coordinates are reported in Table 2. Table 3 and Table 4 show selected bond lengths and angles, 9 

as well as specifics of hydrogen bonding geometries. The CIF data file of the investigated 10 

compound may be found in the Cambridge Structural database under the number: CCDC 11 

2104907. Copies of the published material can be acquired, free of charge, on application to the 12 

Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, fax: +44 (0)1223 336033 or Email: 13 

deposit@ccdc.cam.ac.uk 14 

 15 

Table 1 16 

Structure refinement, data collection, and crystal data of (NH4)2(H2en)2{V10O28}.4H2O. 17 

Chemical formula CH9N1.50O8V2.50 

Mr 297.45 

Crystal system, space group Triclinic, P\-1 

Temperature (K) 100 

a, b, c (Å) 8.4975(2), 10.2550(3), 10.9165(3) 

, ,  (°) 103.950(2), 98.466(2), 113.978(3) 

V (Å3), Z 810.67(4), 4 

F(000) 588 

Radiation type / ( Å) Mo K  0.71073 

Crystal sizes ? 

 (mm-1) 2.87 

R(int) 0.033 

No. measured reflections 40050 

No. independent reflections 8433 

reflections with I ≥ 2 (I) 7918 

max, min  37.9°,  2.0° 

Reciprocal space h = -14→14  k = -17→17  l = -18→18 

R[F2 > 2(F2)]/ wR(F2)/S 0.023/0.066/1.13 

mailto:deposit@ccdc.cam.ac.uk
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 1 

Table 2 2 

Isotropic or equivalent isotropic displacement parameters and fractional atomic coordinates (Å2) for 3 

(NH4)2(H2en)2{V10O28}.4H2O. 4 

 x y z U(eq) 

V(4) 6591 81531 74111 61 

V(2) 18141 49001 47561 41 

V(5) 11981 53491 75541 51 

V1 40301 79811 69381 71 

V(3) 12241 77031 46231 61 

O(8) 13641 59211 35551 61 

O1 13531 39201 60261 61 

O(12) 5831 67871 83131 71 

O(9) 12001 85751 35731 101 

O(14) 35601 66541 79181 71 

O(2) 39701 62091 55341 71 

O(7) 18801 35011 36081 71 

O(3) 35471 85801 55041 81 

O(13) 11901 44991 86231 101 

O(4) 31261 90681 79041 71 

O(6) 10331 63231 59491 51 

O(5) 61681 89861 75171 111 

O(10) 5951 87261 59361 71 

O(11) 1731 92721 84121 101 

N(3) 6771 82431 108551 81 

N(2) 34321 57831 18061 111 

N1 70581 82321 48811 111 

C1 59191 79461 35841 111 

C(2) 52151 63051 27191 111 

O(1W) 29781 28171 8171 151 

O(2W) 41041 80731 6851 131 

Equivalent atoms are generated via symmetry transformations: #1 -x,-y+1,-z+1. 5 

 6 
Table 3 7 

Selected bond lengths (Å) for complex (H2en)2(NH4)2{V10O28}.4H2O. 8 

V(4)-O(11)  1.6109(7) V(5)-O(6)  2.2302(7) 

V(4)-O(4)  1.8413(7) V(5)-V(3)#1  3.0684(2) 

V(4)-O(10)  1.8427(7) V(5)-V1  3.0986(2) 

V(4)-O(12)  1.8837(7) V1-O(5)  1.6086(7) 

V(4)-O(7)#1  2.0444(7) V1-O(4)  1.8202(7) 

V(4)-O(6)  2.3155(7) V1-O(3)  1.8643(7) 

V(4)-V1  3.0508(2) V1-O(14)  1.8819(7) 

V(4)-V(2)#1  3.0712(2) V1-O(2)  2.0524(7) 

V(4)-V(3)  3.1048(2) V1-O(6)  2.3082(7) 

V(2)-O(7)  1.6881(7) V1-V(3)  3.0790(2) 

V(2)-O(2)  1.6948(7) V(3)-O(9)  1.6170(7) 

V(2)-O1  1.8962(7) V(3)-O(3)  1.7925(7) 

V(2)-O(8)  1.9500(7) V(3)-O(10)  1.8433(7) 

V(2)-O(6)  2.0952(7) V(3)-O(8)  1.9756(7) 
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V(2)-O(6)#1  2.1310(7) V(3)-O1#1  2.0197(7) 

V(2)-V1  3.0686(3) V(3)-O(6)  2.2347(6) 

V(2)-V(4)#1  3.0712(2) V(3)-V(5)#1  3.0684(2) 

V(5)-O(13)  1.6155(7) O(8)-V(5)#1  2.0153(7) 

V(5)-O(12)  1.8170(7) O1-V(3)#1  2.0198(7) 

V(5)-O(14)  1.8171(7) O(7)-V(4)#1  2.0444(7) 

V(5)-O1  1.9972(7) O(6)-V(2)#1  2.1309(7) 

To generate equivalent atoms, symmetry transformations are employed: #1 -x,-y+1,-z+1. 1 

 2 
Table 4 3 

Hydrogen bonding network in the framework of complex (H2en)2(NH4)2{V10O28}.4H2O. 4 

D-H...A d(D-H) d(H...A) d(D...A) 

C1-H1...O(10)#2 0.99 2.59 3.3412(12) 

C1-H(2)...O(3) 0.99 2.46 3.2445(13) 

N(3)-H(1N3)...O(11)#3 0.827(13) 2.143(14) 2.8882(11) 

N(3)-H(1N3)...O(1W)#1 0.827(13) 2.541(17) 2.9649(12) 

N(3)-H(2N3)...O(9)#4 0.819(13) 2.450(17) 2.8489(11) 

N(3)-H(2N3)...O(13)#5 0.819(13) 2.066(13) 2.8564(11) 

N(3)-H(3N3)...O(12) 0.813(12) 1.978(13) 2.7887(10) 

N(3)-H(4N3)...O(5)#6 0.808(13) 2.144(14) 2.8970(11) 

N(3)-H(4N3)...O(2W)#4 0.808(13) 2.597(18) 3.0167(12) 

N(2)-H(1N2)...O(2W) 0.90(2) 1.93(2) 2.8009(12) 

N(2)-H(2N2)...O(1W) 0.95(2) 1.95(2) 2.8110(13) 

N(2)-H(3N2)...O(8) 0.87(2) 1.95(2) 2.7951(11) 

N1-H(1N1)...O(2) 0.90(2) 2.12(2) 2.9217(11) 

N1-H(1N1)...O(7)#7 0.90(2) 2.47(2) 2.9955(11) 

N1-H(1N1)...O(5) 0.90(2) 2.613(19) 3.0812(12) 

N1-H(2N1)...O(9)#2 0.86(2) 2.06(2) 2.9020(12) 

N1-H(3N1)...O1#7 0.86(2) 2.39(2) 3.0720(11) 

N1-H(3N1)...O(10)#8 0.86(2) 2.11(2) 2.8423(11) 

O(1W)-H(1W1)...O(14)#7 0.928(10) 1.918(11) 2.8289(11) 

O(2W)-H(1W2)...O(4)#2 0.939(10) 1.867(12) 2.7667(11) 

O(2W)-H(2W2)...O(14)#9 0.935(9) 2.008(13) 2.8945(11) 

O(1W)-H(2W1)...O(5)#7 0.937(9) 2.54(2) 3.0946(12) 

O(1W)-H(2W1)...O(11)#1 0.937(9) 2.195(14) 3.0556(11) 

Equivalent atoms are generated via symmetry transformations:  5 

#1 -x,-y+1,-z+1  #2 -x+1,-y+2,-z+1  #3 -x,-y+2,-z+2  6 

#4 x,y,z+1  #5 -x,-y+1,-z+2  #6 -x+1,-y+2,-z+2  7 

#7 -x+1,-y+1,-z+1  #8 x+1,y,z  #9 x,y,z-1  8 

 9 

2.3. Infrared spectroscopy measurements 10 

At room temperature, the FT-IR spectra of a powder formed of grounded crystals of the title 11 

compound was measured on a VERTEX 70 FTIR Spectrophotometer with a resolution of 4 12 

cm−1 in the range 4000-400 cm-1. The sample was analyzed in powder form (ATR technique). 13 
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2.4. Thermal analysis measurements 1 

The thermogravimetric analysis was used to investigate the compond's thermal stability (TGA) 2 

measurements were performed as in the previous case. TGA data were collected using an SDT-3 

Q600 analyzer from TA instruments. The sample is heated from room temperature to 600 °C at 4 

a rate of 10 °C min-1. Samples were measured in open platinum crucibles with air flow. 5 

2.5. Electrochemical measurements 6 

Solutions for electrochemical tests were prepared by dissolving the new hybrid compound of 7 

decavanadate (NH4)2(H2en)2(V10O28).4H2O as corrosion inhibitor in two electrolytic media. 8 

The hydrochloric acid solution was obtained by dilution of concentrated acid (37%, d= 1.19). 9 

The second electrolyte was 3% of NaCl, which had a purity ≥ 99% by dissolution in distillated 10 

water. The working mild steel (MS) electrode was rectangular with the following chemical 11 

composition 0.370% C, 0.230% Si, 0.680% Mn, 0.016% S, 0.077% Cr, 0.011% Ti, 0.059% Ni, 12 

0.009% Co, 0.160% Cu and the remainder iron (Fe). The working electrode was coated by a 13 

resin to delimitate the surface area exposed to the electrolyte solution of 1 cm2, and was abraded 14 

using 120 to 2000 grit emery papers, rinsed with distilled water, degreased in acetone, and 15 

freshly washed with bi-distilled water. 16 

The electrochemical experiments were performed in the conventional three-electrode cell using 17 

a platinum counter electrode (CE) and Ag/AgCl 3M KCl as reference electrode. All these 18 

experiments were conducted by the BioLogic SP-150 device, controlled with analysis software 19 

(Ec-Lab® V11.20). For potentiodynamic polarization (PP) measurements, the potential was 20 

scanned at a sweep rate of 1 mV s-1 in bearing potential range of -250 mV to +250 mV versus 21 

the open circuit potential. Electrochemical impedance spectroscopy (EIS) measurements were 22 

performed at corrosion potential in the frequency range of 100 kHz to 100 mHz and an AC 23 

voltage amplitude of 10 mV peak to peak. The working electrode was immersed in the test 24 

solution for 30 minutes prior to the PP and EIS measurements to establish a steady state 25 
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potential. All experiments were repeated, minimum in triplicate, and the temperature of cell 1 

was controlled by a thermostatic water bath. 2 

2.6. UV-visible 3 

The electronic spectrum was carried out by using a Camspec, M 550 Double Beam scanning 4 

UV-visible spectrophotometer using a quartz cell of 1 cm length with a wavelength range of 5 

200-800 nm-1. 6 

2.7. Surface Morphology 7 

Surface evaluations were performed on mild steel sample in order to better understand their 8 

surface morphology, using ESEM Quanta 200 FEI scanning electron microscopy (SEM). 9 

2.8. Evaluation of antimicrobial activity in vitro 10 

The microdilution technique was used to determine the examined compound's minimum 11 

inhibitory concentration (MIC) and minimum bactericidal concentration (MIB). The process 12 

entails preparing twofold dilutions of the antimicrobial agent in a liquid growth medium spread 13 

in a 96-well microtiter plate. After dilution of the standardized microbial suspension to a scale 14 

of 0.5 McFarland, the cells were injected with a microbial inoculum made in the same medium. 15 

The 96-well microtiter plate is incubated under appropriate conditions depending on the 16 

microorganism investigated once it has been well mixed. Upon 20 hours of incubation at 37 °C, 17 

15 L of 0.015 percent resazurin was added and incubated for a further 2 hours to detect the color 18 

changes [18]. 19 

2.9. Antioxidant activity 20 

2.9.1. Free radical scavenging 21 

The antioxidant capacity of the material was determined using the 1,1-diphenyl-2-picryl-22 

hydrazyl (DPPH) procedure reported by Brand-Williams et al. [19]. First, 0.1 mL of the 23 

complex with different concentrations was added to 3.9 mL of a methanol solution of DPPH 24 

(1.01×10-2 mM). The mixture was incubated in the dark for 30 minutes before measuring 25 
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absorbance at 517 nm. A mixture of 0.l mL methanol and 3.8 mL DPPH solution was employed 1 

as a control. The decrease in absorbance shows the tested sample's ability to scavenge free 2 

radicals. Based on the percentage of DPPH radicals scavenged, the scavenging activity was 3 

determined using Equation 1 below:  4 

% Inhibition = [(AB − AS)/AB] × 100       (1) 5 

where AB represents the absorbance of the control reaction (which contains all reagents except 6 

the test compound), and AS denotes the absorbance of the test compound. As a positive control, 7 

butylatedhydroxytoluene (BHT) was employed. 8 

2.9.2. Ferric reducing power assay (FRAP) 9 

The reducing power of the novel complex was determined according to the approach outlined 10 

by Oyaizu et al. [20]. 0.5 mL of varied concentrations (0-4000 g/mL) were mixed with 2.5 mL 11 

of phosphate buffer (2.5 mL, 0.2 M, pH 6.6) and potassium ferricyanide (2.5 mL, 1 percent) in 12 

1 mL of distilled water, at 50 °C, the whole solution was incubated. 2.5 mL of 10% (w/v) 13 

trichloroacetic acid, 2.5 mL of distilled water, and 0.5 mL of a 0.1 percent (w/v) FeCl3 solution 14 

were added to the mix after 20 minutes of incubation. A UV-visible spectrophotometer was 15 

used to measure absorbance at 700 nm against a blank, and the compound's reduced power was 16 

compared to that of gallic acid, which was employed as a reference standard. 17 

2.9.3. Phosphomolybdenum assay (PM) 18 

According to Prieto et al. [21], the Phosphomolybdenum Assay (PM) or Total Antioxidant 19 

Capacity (TAC) was conducted. 3 mL molybdate reagent (acid sulfuric (0.6 M), sodium 20 

phosphate (28 mM), and ammonium molybdate (4 mM) were mixed with 0.3 mL sample at 21 

various concentrations (250 – 500 – 1000 g/mL). For 90 minutes, the mixture was kept at 95°C. 22 

The absorbance was measured at 695 nm, and the results were represented as (g mL-1) ascorbic 23 

acid equivalents. As a positive control, glycerin was employed. 24 

3. Results and discussion 25 
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3.1. Structure and crystal packing 1 

The asymmetric unit of (NH4)2(H2en)2{V10O28}.4H2O (Figure 1) contains one-half 2 

decavanadate anion [V10O28]6-, as denoted hereafter, one ethylenediammonium cation (H2en)2+, 3 

one ammonium cation (NH4)+ and two H2O molecules.  4 

 5 

Fig. 1. ORTEP image shows the asymmetric unit of (NH4)2(H2en)2{V10O28}.4H2O with non-H atom 6 

displacement ellipsoids drawn at a probability level of 70%. 7 

 8 

The decavanadate unit [V10O28], of D2h symmetry, is similar to the group found in hummerite 9 

[22] or in pascoite [23]. It is composed of ten deformed {VO6}  octahedrons with shared edges, 10 

with a core {VO6}  cluster consisting of six {VO6}  octahedra structured in a 2*3 rectangle 11 

array and two extra {VO6}  units on each side. Four types of oxygen atoms, bonding to the 12 

different types of vanadium, are to be distinguished: i.e., terminal oxygens (Ot) bonded to only 13 

one vanadium atom, O(µ2), O(µ3) and O(µ6) correspond to apices shared between two, three, 14 

and six vanadium atoms respectively. Average dV-O bond distances in the decavanadate entity 15 

are: V1-O5: 1.6086(7) Å, V3-O8: 1.9756(7) Å, V2-O6: 2.0952(7) Å, V3-O6: 2.2347(6) Å and 16 

V4-O6: 2.3155(7) Å. [V10O28] has no remarkable geometrical features, and the bond lengths 17 

are comparable to other structures containing this oxo-cluster [24]. The rigid backbone of the 18 

[V10O28]6- anion prevents major structural changes, which might be produced by non-covalent 19 

interactions. The empirical bond length/bond number computation with Brown's function s= 20 



12 

 

(R/1.791)-5.1  [25], where R is the V–O distance and s is the bond number, was used to assess 1 

the likelihood of protonation sites in the decavanadate anion. The computed values vary 2 

between 1.683 to 2.051 for all oxygen atoms, as shown in Table 5, omitting protonation of the 3 

decavanadate anion.  4 

 5 

Table 5 6 

Bond number (s) calculations for all the oxygen atoms in the {V10O28}6- anion. 7 

Atom Σs Atom Σs 
O1 1.853 O(8) 1.787 

O(2) 1.825 O(9) 1.683 
O(3) 1.826 O(10) 1.728 
O(4) 1.789 O(11) 1.735 
O(5) 1.732 O(12) 1.778 
O(6) 2.051 O(13) 1.699 
O(7) 1.764 O(14) 1.693 

 8 

Figure 2 illustrates the cohesion of adjacent [V10O28]6- structural units through weak 9 

electrostatic interactions engaged with the interstitial contents, i.e., ethylenediamine (C2H8N2) 10 

referred to as “en”, water molecules “H2O” and ammonium “NH4
+”. The strong O–H•••O and 11 

N–H•••O interactions with the (H2en)2+ and H2O entities are primarily mediated by the O(3), 12 

triply connected, and O(2), double-linked oxygen atoms, while the terminal oxygen (Ot) is 13 

involved mainly in the weakest N–H···O interactions with (NH4)+. Each {V10O28}6- anion is 14 

surrounded by two (H2en)2+ cations. {V10O28}6- anion behaves as reported in [26]. Table 4 15 

summarizes the significant H-Bonds linking the {V10O28}6- anions to the interstitial entities 16 

(H2en)2+, (NH4)+ and H2O.  17 
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 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

Fig. 2. Illustration of the framework of (NH4)2(H2en)2{V10O28}.4H2O showing hydrogen bonds between 9 

the clusters. 10 

 11 

3.2. Infrared spectroscopy 12 

The infrared spectrum of (NH4)2(H2en)2{V10O28}.4H2O is depicted in Figure 3 and Table 6 lists 13 

the suggested assignments for several significant bands. Based on the decavanadate-based 14 

coordination polymers description [27], the stretching mode of the terminal V-O bonds may be 15 

shown in the spectrum at 930 cm-1, where two strong bands can be seen. The bands at 508 and 16 

448 cm-1 are attributed to the symmetric V–O–V bridge, whereas the characteristics at 810, 722 17 

cm-1 are related to the bridging anti-symmetric V–O–V vibrations. The presence of the organic 18 

ethylenediammonium cation is confirmed by the stretching C-N bands at 1043, 1079 and 2419 19 

cm-1, as by the vibrational bands at 3160-3030 cm-1 and 1600 cm-1 that correspond, respectively, 20 

to N-H bending and the H-N-H scissoring. The bands 2757, 2932 and 2117 cm-1 are related to 21 

the C-H stretching [28]. The broad band at 1404 cm-1 might be assigned to the N-H bending 22 

vibration of the ammonium cation. Further, the presence of water molecules is confirmed by 23 

the 3517-3238 cm-1 and 1807 cm-1 bands [29].  24 

 25 
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Fig. 3. Infrared spectrum of (H2en)2(NH4)2{V10O28}.4H2O. 2 

 3 

Table 6. 4 

Infrared bands and assignments for complex 1. 5 

Band  

(cm-1) 

̴ 930  810, 717, 532  3160-3030; 1600  1043, 1079  1807; 3517-3238  1404  

Assignment The 

stretching 

of the 

terminal 

V-O 

Asymmetric 

and symmetric 

stretching 

vibrations of 

V-O-V 

N-H (en) bending  

H-N-H scissoring 
The 

stretching 

C-N 

H-O-H bending  

O-H stretching 

N-H (NH4) 

bending 

 6 

3.3. Thermal analysis 7 

The thermal decomposition of (NH4)2(H2en)2{V10O28}.4H2O was performed under air 8 

atmosphere and exhibits a total weight loss of 25% (Figure 4). The mass loss observed in the 9 

100-500 °C temperature range corresponds to three consecutive weight losses around 100, 160 10 

and 260 °C. The initial phase weight loss 12.2 % correlates to the water molecules' departure, 11 

ammonium ion and ½O2 (calcd. 10.8 %). Next step corresponds to the loss of the 12 

ethylenediamonium organic cation (exp. 9.1 %, calcd. 10.4 %) and further weight loss beyond 13 

260 °C relates to decavanadate cluster decomposition. Actually, the calculated value of the loss 14 
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weight of the last step agrees to the degradation of decavanadate cluster and the formation of 1 

(V2O5) and (V3O7) (exp. 78.7 %, calcd. 78.1 %) [30]. 2 

 3 

Fig. 4. Thermographic curve of (H2en)2(NH4)2{V10O28}.4H2O. 4 

 5 

According to TGA analysis, and to confirm the nature of the final product after calcination, 6 

temperature dependent in situ XRD data were acquired at room temperature and 450 °C, as 7 

shown in Figure 5. The pattern at RT was quite similar to the pattern that had been simulated 8 

using the coordinates from the single-crystal investigation of (NH4)2(H2en)2{V10O28}.4H2O. 9 

However, at 450 °C the structure changes, while keeping the crystallinity of the sample and 10 

presenting a different product. The 450 °C XRD pattern showed the characteristic peaks of 11 

V2O5 and V3O7 as well [31], approving the TGA calculation results, with a small unidentified 12 

diffraction peak. 13 
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 1 

Fig. 5. The simulated, experimental and the thermal treatment at 450°C XRD pattern of 2 

(NH4)2(H2en)2{V10O28}.4H2O. 3 

 4 

3.4. Speciation vs. corrosion inhibition 5 

3.4.1. Changes in vanadate speciation with pH 6 

Because of a lack of understanding of speciation, the complexity of vanadate hydrolysis in 7 

aqueous solutions, and the occurrence of metastable equilibria, the results of known 8 

investigations on corrosion inhibition by vanadates are clouded. The major goal of this part is 9 

to figure out which vanadate oligomer provides the best mild steel corrosion resistance in two 10 

aggressive solutions (1 M HCl and 3 percent NaCl). We used pH measurements, ultraviolet-11 

visible spectroscopy, PP and EIS measurements, and scanning electron microscopy initially. 12 

According to the literature, small changes in solution pH may have a large effect on vanadate 13 

speciation [32,33]. (H2en)2(NH4)2{V10O28}.4H2O is a colorless complex when dissolved in  14 

1 M HCl, the solution has a pH of 0.315. Whereas, when dissolved in 3% NaCl, the solution 15 

turned yellow and its pH is of 7.6, as shown in Figure 6. 16 
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 1 

Fig. 6. Photograph of (H2en)2(NH4)2{V10O28}.4H2O dissolved in 3% NaCl (Left) and 1 M HCl (Right). 2 

 3 

3.4.2. UV-Visible spectroscopy measurements 4 

According to Aureliano, the presence of [V10O28]6- anions is responsible for the yellow color of 5 

the solution [34]. Actually, the yellow color of solutions containing V5+ (3d0) ions are due to 6 

electrons transfer from the oxygen bonding orbitals to the vacant vanadium d orbitals. These 7 

charge transfer bands move towards the UV-region when the crystal field splitting of d orbitals 8 

decreases [35]. 9 
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Fig. 7. UV-visible spectra of (H2en)2(NH4)2{V10O28}.4H2O, measured at 25 ºC, in HCl (5×10-4 M) 11 

(black) and NaCl (5×10-4 M) (red). 12 

 13 
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Electronic absorption spectra of were taken with a UV-Vis spectrometer within the range [200-1 

800 nm] at room temperature of (H2en)2(NH4)2{V10O28}.4H2O in both 1 M HCl and 3% NaCl 2 

at the same concentration of 5×10-4 M. As shown in Figure 7, the 280 nm (black line) and 391 3 

nm (red line) bands are attributed to the V5+ tetrahedrally coordinated in monovanadates and 4 

octahedrally in decavanadates, respectively [36-38].  5 

3.4.3. EIS measurements of vanadate solution 6 

The electrochemical behavior of clear solution containing monovanadates and orange solution 7 

containing decavanadates at the mild steel interface was clearly distinctive. The impedance 8 

spectra given in the Nyquist representation are illustrated in Figure 8. Without any calling, upon 9 

the simulation of these spectra, with equivalent electrical circuits, just only on the basis of visual 10 

inspection, the spectrum reveals that, corrosion inhibition of MS by monovanadates was very 11 

rapid and approximately 30 min were required to develop a layer. The adsorption of the 12 

inhibitor blocked the reactive sites on MS surface signifying the increase of diameter of the 13 

loop when compared to the blank 1 M HCl. In contrast, yellow solution was shown to be poor 14 

inhibitor, after one hour of immersion of MS under open circuit potential, the yellow solution 15 

exhibits any protection of surface, which is reflected by the superposition of the loop that 16 

contains the inhibitor with the blank 3% NaCl.  17 
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 1 

Fig. 8. Nyquist plots of the mild steel matrix in: (a) 1 M HCl, (b) 3% NaCl with 5×10-4 M of 2 

(H2en)2(NH4)2{V10O28}.4H2O at 25 °C. 3 

 4 

3.4.4. Corrosion morphology of mild steel in vanadate solution  5 

To observe the action of the two solutions on the topography surface of MS, scanning electron 6 

microscopy was used. Figure 9 shows the SEM micrographs of MS specimen exposed to 1 M 7 

HCl and 3% NaCl during 24 h, in which the complex (H2en)2(NH4)2{V10O28}.4H2O was 8 

dissolved. The effects of decavanadates are dramatic on MS surface; very large alterations on 9 

the surface are evident, indicating severe corrosion of specimen (Figure 9a). Rather Figure 9b 10 

indicates that in the presence of (H2en)2(NH4)2{V10O28}.4H2O in clear solution, the rate of 11 

corrosion is suppressed, as can be seen from the decrease of the corroded area. The surface is 12 

covered by a thin layer of monovadates molecules, which effectively controls the dissolution 13 

of MS. 14 

 15 
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Fig. 9. SEM micrographs of the MS surface after 24 h immersion: (a) in 3% NaCl at 5×10-4 M of 1 

(H2en)2(NH4)2{V10O28}.4H2O. (b) in 1 M HCl at 5×10-4 M of the title complex. 2 

 3 

Monovanadates were only found in clear metavanadate solutions, but decavanadates were 4 

always present in yellow solutions. The latter, which contained 3 percent NaCl at pH = 7.6, 5 

showed no appreciable inhibition, and any rise in decavanadate content was only harmful. The 6 

clear solution containing monovanadates, on the other hand, demonstrated substantial 7 

inhibition. 8 

3.5. Electrochemical study of the clear solution  9 

3.5.1. PP measurements  10 

The PP measurements represent an essential method to gather details about the kinetics of 11 

corrosion system being investigated. Figure 10 presents the results of the effect of 12 

(H2en)2(NH4)2{V10O28}.4H2O in the clear solution on the anodic and cathodic polarization 13 

behavior of MS in 1 M HCl at 25 °C, using recorded Tafel plots after half an hour of immersion 14 

at the open-circuit potential. 15 
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Fig. 10. PP curves of mild steel in 1 M HCl at 25 °C and different concentrations of 17 

(H2en)2(NH4)2{V10O28}.4H2O. 18 



21 

 

 1 

It can be concluded from these results (Figure 10) that both anodic iron dissolution and cathodic 2 

hydrogen evolution reaction were inhibited after the addition of (H2en)2(NH4)2{V10O28}.4H2O 3 

in 1 M HCl solution. The inhibition of these reactions was more pronounced on increasing the 4 

concentration of the title complex, ranging from 1×10-6 to 5×10-4 mol L-1. From cathodic 5 

branches, a broad linearity is clearly shown in the absence as well as in the presence of different 6 

concentrations of (H2en)2(NH4)2{V10O28}.4H2O. This behavior confirms that the reduction of 7 

hydrogen takes place at the mild steel surface by charge transfer mechanism [39]. In the other 8 

side, the anodic branches exhibit almost an absence of Tafelian behavior and the inhibition 9 

mode remains dependent on the electrode potential. In addition, the title complex influences the 10 

anodic reaction only at over potentials more negative than −300 mVAg/AgCl. Over this potential, 11 

the title compound assigns no inhibiting effect, and thereby the anodic branches recorded in the 12 

presence of the title compound joined the blank. This can be explained by desorption of the 13 

studied complex “molecules” from the formed film. The desorption potential is a common term 14 

for this potential [40].  15 

As stated above, the anodic dissolution of mild steel is not activation controlled. Therefore, 16 

according to the shape of the anodic curves, it will be erroneous to extract the anodic Tafel 17 

slopes ßa in order to evaluate the corrosion densities [41]. As a result, by extrapolating solely 18 

the right-hand side of Tafel cathodic to the corrosion potential, corrosion current densities can 19 

be determined. The extraction of electrochemical parameters from the polarization curves was 20 

carried out using two methods: Tafel, and Stern & Geary (S&G), which use these curves 21 

differently, depending on the range potentials Ecorr ± 250 mVAg/AgCl, Ecorr ± 25 mVAg/AgCl, 22 

respectively. The values of icorr, Ecorr, cathodic Tafel slopes ßc and η% issued from linear Tafel 23 

segments of cathodic curves and Rp obtained by S&G method are regrouped in Table 7. The 24 

data were fitted by using Tafel Fit analysis tool based on Linear Square method used along with 25 
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EC-Lab software. In this case the inhibition efficiency derived from Tafel method signified by 1 

ηTafel %, is calculated using the Equation 2, as follows: 2 

100% / 








 −
=

corr

inhcorrcorr
Tafel

i

ii
          (2) 3 

where: icorr/inh and icorr represent the corrosion current density values, with and without 4 

(H2en)2(NH4)2{V10O28}.4H2O, respectively. 5 

The inhibition efficiency of S&G method, given by ηS&G%, is calculated from the polarization 6 

resistance, using the following Equation 3: 7 

100%
/

/

& 












 −
=

inhp

pinhp

GS
R

RR
           (3) 8 

where:
PR  and inhPR /  are the polarization resistances of the MS without and with addition of 9 

the studied complex, respectively. 10 

 11 

Table 7 12 

Electrochemical parameters obtained from the PP curves of the MS immersed in 1 M HCl at different 13 

concentrations of 1, and at 25 °C. 14 

 Tafel fit Rp fit 

Electrode/electrolyte 

interface 

Ecorr 

mVAg/AgCl 

icorr  

µA cm-2 

ßc  

mV dec-1 

ηTafel 

% 

Ecorr 

mVAg/AgCl 

RP 

Ω cm2 

ηS&G 

% 

MS / 1 M HCl  -428.8 1439.9 -156.8 - -428.7 23.5 - 

MS / 1×10-6 M of 1 -437.7 792.60 -165.6 44.9 -437.5 60.6 61.2 

MS / 1×10-5 M of 1 -440.4 281.06 -123.1 80.5 -443.1 84.7 72.3 

MS / 5×10-5 M of 1 -425.2 187.27 -114.5 87.0 -425.6 132.0 82.2 

MS / 1×10-4 M of 1 -436.8 182.90 -112.3 87.3 -435.8 180.0 86.0 

MS / 5×10-4 M of 1 -427.1 70.89 -146.1 95.1 -428.4 433.0 94.6 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 15 
 16 

Table 7 shows that the corrosion current density icorr decreases considerably in the presence of 17 

(H2en)2(NH4)2{V10O28}.4H2O with rise of concentrations and reaches a minimum value of 18 

70.89 µA cm-2 at 5×10-4 M. However, the Rp values have an opposite trend with icorr. 19 

Consequently, the inhibition efficiency, calculated from Tafel and S&G methods, increases to 20 

rich 95.1% and 94.6%, respectively.  21 
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However, there is no definite trend in the shift of Ecorr values at different concentrations of the 1 

complex. The corrosion potential of the MS shifts, in the range, from -11 to 3 mV relative to 2 

the uninhibited solution. Therefore, it has been proposed from the literature that if the Ecorr shift 3 

upon addition of the inhibitor is greater than 85 mV relative to the corrosion potential of the 4 

blank [42], then the inhibitor can be classified as either cathodic or anodic type and if the shift 5 

is less than 85 mV, then the inhibitor can be considered as mixed type. Consequently, the results 6 

obtained indicate that (H2en)2(NH4)2{V10O28}.4H2O acts as mixed type inhibitor with 7 

predominant cathodic effectiveness. Also, the cathodic Tafel line values ßc, change with the 8 

addition of (H2en)2(NH4)2{V10O28}.4H2O suggesting that the mechanism of hydrogen evolution 9 

reaction is changed in the presence of the title compound. This behavior is explained by Bockris 10 

and Srinivansan that the change in the values of ßc can be ascribed to the thickening of the 11 

electric double layer due to the adsorbed inhibitor molecules [43]. 12 

It can be concluded that the inhibiting efficiencies calculated by the S&G method show the 13 

same trend as those determined by extrapolating the Tafel cathodic straight lines to the 14 

corresponding corrosion potentials.  15 

3.5.2. EIS measurements 16 

To confirm the results extracted from PP measurements and to acquire more information on the 17 

inhibition mechanism, obtained for the MS electrode after 30 min of immersion at the corrosion 18 

potential in the 1 M HCl with and without (H2en)2(NH4)2{V10O28}.4H2O, Figure 11 shows the 19 

impedance diagrams, given in both Nyquist and Bode coordinates. 20 
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Fig. 11. Mild steel Nyquist and Bode graphs in 1 M HCl without and with various amounts of 3 

(H2en)2(NH4)2{V10O28}.4H2O at 25 degrees Celsius. 4 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 5 

 6 

All Nyquist spectra show only one loop. In addition, ideal capacitance behavior is not observed 7 

at solid interface electrode [44] manifested as a related depression of Nyquist-plot semicircles 8 

with increasing the (H2en)2(NH4)2{V10O28}.4H2O inhibitor concentration. The deviation from 9 

ideal capacitance behavior refers to a frequency-dependent phase angle and the non-ideal 10 

behavior can be represented by a constant phase element CPE. This dispersion of the 11 
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capacitance at solid electrodes depends strongly on the status of the electrode surface. With this 1 

visual inspection, the choice was made on {Rs+CPEdl/Rct} circuit shown in Figure 12 (a) to 2 

model the interface and extract the electrochemical parameters in order to fully understand the 3 

effect of (H2en)2(NH4)2{V10O28}.4H2O on MS surface. Nevertheless, it was observed that with 4 

increasing concentration of (H2en)2(NH4)2{V10O28}.4H2O, this model does not perform a good 5 

fit of the data neither in Nyquist, nor in Bode representations.  6 

However, from the Bode plots, the width of the Gaussian (φ-log f) obtained in the presence of 7 

different concentrations of (H2en)2(NH4)2{V10O28}.4H2O is significantly larger than that 8 

obtained in 1 M HCl alone. This finding states the occurrence of a second time constant, 9 

although poorly separated from that of the charge transfer in the presence of different 10 

concentrations of the title compound. This second phenomenon of relaxation or time constant 11 

is generally attributed to the presence of an additional obvious process on MS surface. This 12 

simple qualitative analysis confirms the formation of a barrier film that prevents the infiltration 13 

of corrosive species at the metal/solution interface. After examination of several electrical 14 

circuits, only {Rs+CPEdl/(Rct+CPEf/Rf)}, shown in Figure 12 (b), which provides the best 15 

superposition between experimental and theoretical data. 16 

(a) 17  (b) 

  18 

Fig. 12. Equivalent electric circuit models. 19 

 20 

Figure 13 gives a detailed comparison between the simulations with the two circuits mentioned 21 

above. Furthermore, the obtained results have a physical meaning. Rs represents the solution 22 

resistance, Rct is the charge transfer resistance and CPEdl represents the capacitance of the high 23 

frequency semicircle that can be attributed to the charge transfer process. Rf represents the 24 

resistance of the adsorbed inhibitor and CPEf is the capacitance of the inhibitor film due to the 25 

inhibitor’s adsorption onto the MS surface. 26 

Rs CPE

Rct

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPE-T Fixed(X) 0 N/A N/A

CPE-P Fixed(X) 1 N/A N/A

Rct Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Rs CPE (Qdl, ndl)

Rct CPE (Qf, nf)

Rf

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPE (Qdl, ndl)-T Fixed(X) 0 N/A N/A

CPE (Qdl, ndl)-P Fixed(X) 1 N/A N/A

Rct Fixed(X) 0 N/A N/A

CPE (Qf, nf)-T Fixed(X) 0 N/A N/A

CPE (Qf, nf)-P Fixed(X) 1 N/A N/A

Rf Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Fig. 13. Nyquist and Bode diagrams simulated by {Rs+CPEdl/Rct} and {Rs+CPEdl/(Rct+CPEf/Rf)} at 3 

different concentrations of (H2en)2(NH4)2{V10O28}.4H2O. 4 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 5 

 6 

When the experimental error structure remains unknown, the statistical value χ2 cannot be used 7 

to evaluate the quality of a regression. Another important parameter to judge the goodness of 8 

the fit is the ratio χ2/|Z|. Indeed, the appropriate set of parameter values are the values that yield 9 

the lower χ2/|Z| value, which gives an estimation of the distance between the real data and 10 

simulated data weighted on the value of |Z|. χ2 is expressed by Equation 4 below as stated in 11 

the literature [45]:  12 

χ2 = ∑
|𝑍𝑚𝑒𝑎𝑠  (𝑖) − 𝑍𝑚𝑜𝑑𝑒𝑙  (𝑓𝑖  ,𝑝𝑎𝑟𝑎𝑚 )|2

|𝑍𝑚𝑒𝑎𝑠 (𝑖)|

𝑛
𝑖=1        (4) 13 
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where: Zmeas(i) is the measured impedance at the fi frequency; Zmodel (fi, param) is function of 1 

the chosen model and param is the model parameters (Rs, Rct,Qdl ,Rf, Qf).  2 

The electrochemical impedance parameters for MS in 1 M HCl in the presence of different 3 

concentrations of (H2en)2(NH4)2{V10O28}.4H2O are reported in Table 8. The values used to 4 

determine the efficiency of the inhibitor are the values of the polarization resistance calculated 5 

by the following equation (RP = Rct + Rf). The inhibition efficiency is calculated based on 6 

Equation 5:  7 

100%
/

/














 −
=

inhp

pinhp

EIS
R

RR
          (5) 8 

Table 8 9 

EIS parameters and inhibition efficiency for mild steel in 1 M HCl at different concentrations of 1. 10 

Electrode/electrolyte interface RS Qdl  ndl Rct Qf nf Rf Rp 𝜼EIS% χ2/|Z| 
MS / 1 M HCl  0.7765 280.0 0.8232 30.17 512.3 0.6501 3.792 33.96 - 0.336 

MS / 1×10-6 M of 1 0.8182 166.5 0.8641 38.17 708.7 0.5295 45.66 83.83 60 0.255 

MS / 1×10-5 M of 1 0.8010 155.6 0.8774 44.07 765.8 0.5088 63.40 107.78 68 0.259 

MS / 5×10-5 M of 1 0.7971 148.7 0.8743 51.34 905.3 0.4928 98.90 150.24 77 0.255 

MS / 1×10-4 M of 1 0.7899 137.9 0.8816 59.90 998.1 0.5085 182.80 242.70 86 0.269  

MS / 5×10-4 M of 1 0.8201 121.1 0.8871 83.36 1069 0.5067 335.10 418.46 92 0.248  

Rs, Rct, Rf and Rp in Ω cm2. Qdl and Qf in μF sn-1 cm-2. 11 
with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 12 
 13 

 14 

Table 8 shows clearly that Rct and Qdl values have opposite trend at the whole concentration 15 

range. A large Rct is associated with a slower corroding system [46,47]. Furthermore, the 16 

decrease in the Qdl with increase in (H2en)2(NH4)2{V10O28}.4H2O concentration may be 17 

attributed to the formation of a protective layer on MS surface [48]. The increase of ndl value 18 

after addition of the title compound in the corrosive solution can corroborate this assumption. 19 

Indeed, the value of ndl grows as well 0.8871, when compared to that obtained in pure 1 M HCl 20 

of 0.8232. This can be attributed to a certain decrease in the initial surface homogeneity 21 

resulting from the adsorption of the title complex “molecules” on the most active adsorption 22 

centers at MS interface [46]. The resistance Rf has high values compared to Rct values (the total 23 
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resistance Rp is dominated by Rf and increases significantly with the 1 

(H2en)2(NH4)2{V10O28}.4H2O concentration. However, the values of Qf have the same trend as 2 

those of Rf in the whole concentration range, while almost no change is observed in the value 3 

of nf with lower than those of ndl, probably related to the energy dissipation in the adsorbed 4 

layer [49].  5 

It is clearly evident that increasing the concentration of the inhibitor enhances Rp, and thus 6 

improves the efficiency of the inhibition until reaching their maximum value at 5×10 -4 M to 7 

92%. This value suggests that inhibitors function by adsorption at the metal/solution interface, 8 

leading to a protective film on the metal surface. 9 

3.6. Biological activities 10 

3.6.1. Antimicrobial tests 11 

The new hybrid decavanadate compound (H2en)2(NH4)2{V10O28}.4H2O was evaluated for 12 

antibacterial efficacy against two Gram-(Pseudomonas aeruginosa ATCC27653 and 13 

Escherichia coli CIP5412) and two Gram+ (Bacillus subtilis ILP1428B, Staphylococcus aureus 14 

CIP543154) strains. Table 9 shows MIC (Minimum Inhibitory Concentration) and MBC 15 

(Minimum Bactericidal Concentration) by ppm. The compound showed the highest inhibition 16 

activity against P. aeruginosa (625 ppm), B. subtilis (1250 ppm), and E. coli with 2500 ppm, 17 

although there was no substantial action against S. aureus CIP. 18 

 19 

Table 9 20 

The inhibition activity and the bactericidal activity of complex 1. 21 

 MIC  
(ppm) 

MBC  
(ppm) 

B. subtilis 1250 5000 
P. aeruginosa 625 ND 
E. coli CIP 2500 ND 
S. aureus CIP No activity - 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 22 

 23 
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On the other hand, the compound displayed a lower bactericidal activity with B. subtilis (5000 1 

ppm), and it was not determined (ND) for P. aeruginosa and E. coli CIP. All these results show 2 

a weak activity compared to similar decavanadate complexes [50], chitosan-Ca3V10O28, and 3 

(NH4)6V10O28, that manifest good bactericidal activity with S. aureus and E. coli (Table 10). 4 

Table 10 5 

Antibacterial activity of (NH4)2(H2en)2{V10O28}.4H2O, (NH4)6V10O28, and chitosan-Ca3V10O28. 6 

Microorganisms 

Antibacterial, MIC  
(ppm) 

  

(NH4)2(H2en)2{V10O28}.2H2O (NH4)6V10O28 Chitosan-Ca3V10O28 

Staphylococcus aureus No activity 50 12.5 

Escherichia coli 2500 50 12.5 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 7 
 8 

 9 

3.6.2. Antioxidant tests 10 

The DPPH test is one of the most often used procedures for determining antioxidant activity. 11 

Accordingly, an antioxidant reacts with DPPH free radical and reduces it to DPPH-H form and 12 

consequently, the absorbance decreases. The degree of discoloration reveals the antioxidant 13 

compound's scavenging capacity as well as its hydrogen-donating ability [51]. As seen in Figure 14 

14, the title compound exhibited a moderate free radical scavenging activity compared with 15 

BHT thus, a concentration of 4000 µg/mL inhibited 35.3 % compared with BHT (78 %). In 16 

general, the antioxidant activity is expressed in terms of IC50, which is the concentration of the 17 

antioxidant that decreases the 50 % of DPPH [52]. However, in this study the 50 % of DPPH 18 

inhibition by (H2en)2(NH4)2{V10O28}.4H2O wasn’t achieved; thus, the concentrations used in 19 

this study were not sufficient to inhibit the IC50 of inhibition. The ferric reducing power test 20 

FRAP was used to evaluate the title compound's reducing power.  21 
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Fig. 14. Free radical scavenging activity vs. BHT of (H2en)2(NH4)2{V10O28}.4H2O. 2 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 3 

 4 

This latter measures the reducing potency of extract and standard antioxidants; thus, higher 5 

absorbance indicates higher reducing potency. The mechanism involved in this essay is based 6 

on a single-electron transfer system [53]. As depicted in Figure 15, there was a significant 7 

difference between the reducing power of (H2en)2(NH4)2{V10O28}.4H2O and the gallic acid 8 

even with high concentrations. In the majority of times, we use different methods to evaluate 9 

the antioxidant activity. Therefore, The FRAP test was chosen because it is rapid and easy to 10 

carry out, and the reaction is repeatable and linearly related to Biskup et al. [54].  11 
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Fig. 15. Ferric reducing power vs. gallic acid of (H2en)2(NH4)2{V10O28}.4H2O.  1 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 2 

 3 

The phosphomolybdenum test measures total antioxidant activity and provides a direct estimate 4 

of an antioxidant's reducing power. Particularly, this test is based on the reducing capacity of 5 

the Mo(VI) to Mo(V) by an antioxidant and the formation of a green complex of Mo(V) at an 6 

acidic pH and higher temperature of 95 °C. A seen in Figure 16, and comparing with gallic 7 

acid, the complex revealed a moderate antioxidant capacity similar to the previous results 8 

obtained using the DPPH test. 9 
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Fig. 16. Total antioxidant capacity of (H2en)2(NH4)2{V10O28}.4H2O vs. gallic acid. 11 

with 1 = (H2en)2(NH4)2{V10O28}.4H2O. 12 

 13 

We believe that no other authors have investigated the antioxidant properties of 14 

(H2en)2(NH4)2{V10O28}.4H2O. Our findings demonstrated the moderate antioxidant activity of 15 

the title compound confirmed by three validated antioxidants tests.  16 

 17 

 18 

 19 
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4. Conclusion 1 

The hybrid ethylenediamine/V10O28 compound was elaborated applying simple instrumental 2 

equipment, affordable reactants and the use of water as a solvent, which conforms to the concept 3 

of "green chemistry". N─H···O and O─H···O hydrogen bonds connect the decavanadate anions, 4 

ethylenediammonium cations, ammonium cations, and water molecules to create a complex 5 

three-dimensional network of (H2en)2{V10O28}.4H2O. The IR reveals the presence of the VO6 6 

octahedron, the ethylenediammonium and ammonium cations, and the water molecule, which 7 

matches the single-crystal X-ray structural investigation results. The thermogravimetric study 8 

reveals that the decomposition of the hybrid vanadate occurs in three stages, with the loss of 9 

the organic moiety, ammonium cation, water molecules, and decavanadate degradation.  10 

Electrochemical measurements confirmed that yellow decavanadates. solutions in 3% NaCl 11 

exhibited no significant inhibition efficiency and increasing decavanadate concentration was 12 

unfavorable. Besides clear metavanadate solutions in 1 M HCl containing monovanadate 13 

exhibited strong inhibition. In addition to vanadate ions, a variety of other atoms including 14 

Nitrogen and Oxygen have also been intercalated with the surface gallery to promote the 15 

anticorrosive properties. In addition, it should be noted that the inhibiting efficiencies calculated 16 

from EIS data follow the same trend as those obtained from Tafel and LPR methods, though 17 

some differences, reflecting the approximations on which each of them is based. The biological 18 

activity of (H2en)2(NH4)2{V10O28}.4H2O shows mediocre antimicrobial and antioxidant 19 

activities.  20 
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