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Abstract New homobinuclear Co(II), Ni(II), Cu(II), and

Zn(II) complexes with Schiff base (H2L,1) have been syn-

thesized and investigated using physicochemical techniques

viz. IR, 1H NMR, 13C NMR, ESR, UV–Visible spectro-

metric methods, thermal gravimetric analysis, and magnetic

moment measurements. The corrosion inhibition studies of

the compounds on mild steel in (0.5 M) HCl have been

investigated byweight loss, potential dynamics polarization,

and scanning optical microscope. The adsorption of com-

pounds was founded to obey the Langmuir adsorption iso-

therm model showing mixed type inhibition behavior. The

in vitro antibacterial studies of the complexes against sul-

fate-reducing bacteria proved them as growth inhibiting

agents.

Keywords Schiff base � Binuclear complexes � Mild

steel � Acid solution � Polarization � Microbiological

corrosion

1 Introduction

Corrosion is the destructive attack of metals by its envi-

ronment and destruction of metal due to heterogeneous

chemical reaction which is called the chemical corrosion

[1]. The mild steel has wide applications in various

industries as construction materials for reactors, heat

exchange, boilers, storage tanks, and oil and gas transport

pipelines due to its mechanical properties and low cost [2].

The use of corrosion inhibitors is one of the most practical

methods for the protection of metals against corrosion in

acidic media [3]. The interaction between the metal surface

and hetero atoms like nitrogen, oxygen, and sulfur plays an

important role in the corrosion inhibition due to the free

electron pairs that possess [4–7]. Moreover, the compounds

that contain p bonds generally exhibit good inhibition

efficiency supplying electrons via the p-orbitals [8]. Due to

the presence of azomethane (C=N) group in the Schiff base

molecules, they should be good corrosion inhibitors. Some

Schiff bases and transition metal complexes have been

reported as effective corrosion inhibitors for mild steel,

aluminum, copper, and zinc in acid media [9–15]. The

effect of diacetylmonoxime derivative on the corrosion of

metal in acidic media was reported [16]. Much corrosions

of industrial equipments have been ascribed to microbio-

logically influenced corrosion (MIC) [17]. Sulfate-reducing

bacteria (SRB) are the main reason to cause the MIC by

accelerating corrosion rate, inducing stress corrosion, and

pitting corrosion [18]. The biocides can be used as SRB

growth inhibitors to protect the metals from microbial

corrosion [19].

In this study, we synthesized and characterized Cobal-

t(II), Nickel(II), Copper(II), and Zinc(II) complexes with

Schiff base; Bis(diacetylmonoxime)biphenyl-3,30-dime-

thoxy-4,40-diamine Schiff base (H2L,1) which is synthe-

sized from the condensation of o-Dianisidine with

Diacetylmonoxime and studied the effect of the com-

pounds as corrosion inhibitors of carbon steel in 0.5 M

HCl. The gravimetric and electrochemical techniques such

as weight loss and potentiodynamic polarization measure-

ments were used in this study. The scanning optical
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microscope was used to explain adsorption of inhibitors on

the surface of metal. Some isotherm was used to describe

the adsorption behavior of the compounds understudied.

Also, antibacterial activity against SRB of compounds was

studied.

2 Experimental

2.1 Materials and Methods

The analytical reagent grade (AR) o-Dianisidine,

Diacetylmonoxime, CoCl2�6H2O, NiCl2�6H2O, CuCl2�
2H2O, ZnCl2�2H2O are Aldrich or Merck chemicals.

Organic solvents used (methanol, ethanol, diethyl ether,

and acetone) were HPLC or extra-pure grades and were

used without further purification. The electrolyte solution

was 0.5 M HCl, prepared from analytical grade HCl and

distilled water. All corrosion tests were performed at room

temperature. The mild steel working electrode specimens

have the following composition, C = 0.066 %, Mn =

0.3 %, P = 0.01 %, S = 0.02 %, Cr = 0.026 %,

Cu = 0.02 %, and Fe = 99.5 % and using 2 cm2 coupons

of same sample material. The weight loss and Polarization

measurements were performed on mild steel in deaerated

0.5 M HCl solution with and without Schiff base and its

complex additives within the concentration ranges 1, 3, 5,

and 7 9 10-4 Mol/dm3. Weight loss experiments were

carried out electronically at room temperature. After

recording the initial weights of mild steel specimens on a

Mettler Toledo, Japan AB 135-S/FACT, single pan ana-

lytical balance, (with a precision of 0.01 mg), they were

kept in different isolated chamber (perfectly insulated from

each other) for 48 h of exposure time in different con-

centrations 1, 3, 5, 7 9 10-4 Mol/dm3. A uniform thin film

of compounds was adsorbed on to the metal coupons after

48 h of exposure. Then these coupons were taken out from

the chamber and washed initially under the running tap

water. Loosely adhering corrosion products were removed

with the help of rubber cork and the specimen was again

washed thoroughly with triple distilled water and acetone

and dried with hot air blower and then weighed again. The

electrochemical behavior of the mild steel sample in

inhibited and non-inhibited solution was studied by

recording anodic and cathodic potentiodynamic polariza-

tion curves. Measurements were performed in the 0.5 M

HCl solution containing different concentrations of the

tested inhibitor by changing the electrode potential auto-

matically from -250 to ?500 mV versus corrosion

potential at a scan rate of 1 mV s-1. The Stock solutions of

the Schiff base and its complexes were made in 10:1 ratio

of water: DMF mixture by volume to ensure solubility. The

optical microscope images were taken to establish the

interaction of inhibitors with metal surface in acid medium.

The surface images of carbon steel samples were examined

by optical microscope after the sample is immersed in

0.5 M HCl for 48 h in the absence and presence of inhi-

bitors. The antibacterial activity of compounds was carried

out at National Research Center (NRC). The incubation

period was for seven days at 30 �C.

2.2 Instruments

Elemental analysis (% C, % H, and % N) and mass spectra

were determined in the Micro Analytical Laboratory.

Magnetic susceptibility measurements were carried out at

room temperature on a Sherwood Scientific Magnetic

Balance. Electronic spectra were measured in range

(195–1100 nm) using a Perkin-Elmer lambda 35 UV–Vis

Spectrometer. Infrared (IR) spectra were recorded using

KBr pellets on a Perkin-Elmer 1430 Spectrometer for the

region (200–4000 cm-1). 1H NMR and 13C NMR spectra

were recorded on GEMINI-300BB NMR 500 MHz spec-

trometer. The thermo gravimetric analysis (TGA) for

complexes were obtained at a heating rate of 10 �C/min

and flowing nitrogen atmosphere over a temperature range

of 20–800 �C. The electron spin resonance (ESR) spectra

were recorded on Bruker EMX spectrometer working in

expand 9.7 GHz with 100 kHz frequency and microwave

power 1 MW and modulation amplitude 4Gauses. Poten-

tiodynamics polarization measurement was carried out

using Autolab-PGSTAT302 N-HP and using a glassy car-

bon working electrode, platinum wire auxiliary electrode,

and an Ag/AgCl as reference electrode and Scanning

Optical Microscope (SOM) using ZEISS, Axiovert 40 mat

microscope.

2.3 Synthesis of Schiff Base Ligand H2L,1

Ligand (L) is prepared by mixing (2:1) molar ratio of

diacetylmonoxime (1.011gm, 0.01 mol) and o-dianisidine

(1.22 g, 0.005 mol) in 50 ml hot etathanol solution and

refluxing the mixture for 3 h with continous stirring. Upon

cooling, black oily residue that remains is treated with pet-

roleum ether(20 ml) with vigorous stirring for 30 min. The

contents are collected in beaker and allowed to form precip-

itate. The obtained black precipitate was filtered off, and

recrystallized fromDMF to give deep brown crystals. Finally

the crystals were washed several times with diethyl ether and

then air dried. The purity of the ligand was checked by TLC

technique. M.p. 155 �C, M.Wt. 410.4, Yield (81.2 %), Anal.

Calc. for C22H26N4O4: C, 64.39; H, 6.34; N, 13.65 %, Found:

C, 64.47; H, 6.27; N, 13.84 %; main IR Peaks (KBr, cm-1):

m(OH)3441, m(C=N)1620.
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2.4 Synthesis of the Metal Complexes

A sample of hydrated MCl2 (M = Co, Ni, Cu, and Zn)

(2.0 mmol) was dissolved in hot ethanol solution (30 ml),

and was added to an ethanolic (30 ml) solution of H2L

(1.0 mmol). The reaction mixture was heated under reflux for

3 h. The fine solid complexes formed were collected by fil-

tration, washed with hot ethanol, hot water, and ether, and

then, air dried. The complexes are stable in air.

2.4.1 The Complex, Co2L(H2O)2(Cl)2�2H2O (2)

Dark brown solid. M.p[300 �C; M. Wt. 670.9; Anal. Calc

for C22H34Co2N4O8Cl2: C,39.34; H,5.06; N,8.34; Co,

17.58 %; Found: C, 39.5; H, 5.12; N, 8.4; Co, 16.9 %;

main IR Peaks(KBr, cm-1): m(C=N) 1608.

2.4.2 The Complex, Ni2L(H2O)2(Cl)2�2H2O (3)

Dark brown solid. M.p [300 �C; M. Wt. 670.38; Anal.

Calc for C22H34Ni2N4O8Cl2: C,39.38; H,5.07; N,8.35; Ni,

17.5 %; Found: C, 39.4; H, 5.14; N, 8.4; Ni, 17.0 %; main

IR Peaks(KBr, cm-1): m(C=N) 1608.

2.4.3 The Complex, Cu2L(H2O)2(Cl)2�2H2O (4)

Black solid. M.p.295 �C; M. Wt. 680.8; Anal. Calc for

C22H34Cu2N4O8Cl2: C,38.8; H,4.99; N,8.23; Cu, 18.68 %;

Found: C, 38.9; H, 5.03; N, 8.29; Cu, 17.9 %; main IR

Peaks(KBr, cm-1): m(C=N) 1598.

2.4.4 The Complex, Zn2L(H2O)2(Cl)2�2H2O (5)

Brown solid. M.p[ 300 �C; M. Wt. 683.8; Anal. Calc for

C22H34Zn2N4O8Cl2: C,38.6; H,4.97; N,8.2; Zn, 19.1 %;

Found: C, 38.7; H, 4.96; N, 8.28; Zn, 18.9 %; main IR

Peaks(KBr, cm-1): m(C=N) 1610.

2.5 Antibacterial Assay

The enrichment of (SRB) and biological assay was carried

out using most probable number (MPN) technique [20].

3 Results and Discussion

The present Schiff base H2L, Fig. 1 was prepared by

refluxing an ehanolic solutions of o-dianisidine with dia-

cetyl monoxime in (1:2) molar ratio, respectively. The

structure of formed Schiff base was established by IR, 1H

and 13C NMR, mass, and UV–Vis spectra as well as ele-

mental analysis. All complexes were prepared by direct

reaction of H2L with metal chlorides in (1:2) molar ratio,

respectively.

3.1 Characterization of Schiff Base Ligand (H2L)

The infrared spectrum of the Schiff base ligand H2L in the

region 200–4000 cm-1 shows a medium absorption band at

1620 cm-1 assigned to the m(C=N) azomethine stretching

vibrations, indicating the formation of the Schiff base

linkage. Furthermore, the absence of C=O and NH2

stretching vibration in the spectra of the ligand related to

aldehyde and amine, respectively, indicate the occurrence

of Schiff base condensation [21]. The band observed at

1504 cm-1 was assigned to m(C=N) oxime [22]. The

spectrum shows a broad medium intensity band that occurs

at 3441 cm-1 which is assigned to the oxime NOH group.

Also, the two weak bands at 2840–2960 cm-1 region can

be taken as evidence for the presence of intramolecular

hydrogen bond OH….N=C [23, 24]. As the hydrogen bond

becomes stronger, the bandwidth increases, however, this

band is sometimes not detected. Hydrogen bonds in these

Schiff bases are usually very strong while the ligands are

relatively planar with adequate intramolecular distance that

favors intramolecular hydrogen bond formation. The

methoxy groups as electron-donating groups increase the

electron density on the hydroxyl oxygen making the H–O

bond stronger; the absorption usually appears as a broad

band in the IR spectrum. The two weak intensity bands at

3090 and 2860 cm-1 correspond to m(C–H)ar and m(C–H)aliph
stretching vibrations. The stretching vibration observed at

1272 cm-1 is due to m(C–O) [25]. Also, the strong band at

1030 cm-1 is assigned to m(NO) oxime [26]. The (Ph–N)

gives medium intensity band at 1122 cm-1. The 1H NMR

spectrum (Fig. 2a, b) shows that signals lying at the range

11.3 ppm are due to the resonance hydroxyl groups; the

signals of OH groups lying at the higher field side can be

attributed to the contribution of the OH group

intramolecular and intermolecular hydrogen bonds; the

addition of D2O to the previous solution results in the

disappearance of the signal due to proton exchange [27].

Also, the multiple signals lying in the range of 6.6–7.2 ppm

[28] are due to the resonance of aromatic protons. The

methoxy groups protons appear signal at 3.8 ppm [29].

The 13C NMR spectrum of the free ligand was recorded

in DMSO-d6. The spectrum showed signals at 129 ppm

(C1-ipso), 108 ppm(C2-H), 114 ppm(C3-H), 118 ppm(C4-

ipso), 135 ppm(C5-ipso), 146.5(C6-ipso), 55 ppm(C9-H),

and 38,40 ppm(C7 and C8). The electronic spectrum of the

ligand displaying bands at 314 and 360 nm are attributed to

intraligand p–p* and n–p* transitions for the benzene ring

and azomethine group [30]. The mass spectrum of the free

Schiff base ligand (Fig. 3) shows its molecular ion peak at
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m/e = 411 which matches with a formula weight

(Scheme 1).

3.2 Characterization of Complexes

3.2.1 IR Spectra

The infrared spectra of the complexes were collected in a

Table 1 and compared with that of free ligand to give some

information about the bonding in the complexes. The band

in the IR spectrum of the ligand at 1620 cm-1 is found to

be shifted to lower frequencies 1598–1608 cm-1 in the

spectra of the complexes, indicated donation of the lone

pair of electrons on azomethine nitrogen to metal center

[31]. Moreover the new band in the far infrared spectra of

the complexes in the range 584–615 cm-1 is assigned to

the mM–N. Deprotonation of all hydroxyl functions is

confirmed by the lack of Oxime N–O–H and shift of mN–O

to higher wave number to about 1059–1063 cm-1 but

appeared in free ligand at 1030 cm-1, indicating the par-

ticipation with the metal ion as –O-. The broadening bands

observed in the spectra of complexes in the range

3377–3488 cm-1 considerable support the presence of

water molecules in the complexes [24, 32, 33]. The weak

bands appeared in the far IR spectra between

615–660 cm-1 were attributed to mM–O. The far infrared

spectra of the complexes show weak bands in the range

312–318 cm-1 ascribable to mM–Cl.

3.2.2 UV–Vis Spectra

The electronic spectrum of Co(II) complex 2, Fig. 4 shows

low intensity shoulders at 569 and 670. The former bands

are probably due to 4A2 (F) ?
4T1 (P) and

4A2 (F) ?
4T1

(F) which indicates the tetrahedral geometry of this com-

plex. Magnetic moment (4.2 B.M) confirms the tetrahedral

geometry of the ligand around Co?2 ions [34]. The spec-

trum of the Ni(II) complex 3 shows a very broad band at

520 nm containing the 3T1(F) ?
3T1(P) which suggests

that the coordination geometry at the metal atom could be

distorted from the tetrahedral configuration of this com-

plex. The magnetic moment (3.6 B.M) indicates the tetra-

hedral geometry [35]. The broad band at 528 nm in the

spectrum of Cu(II) complex 4, as well as the leff value

(1.85 B.M) is corresponding to the tetrahedral of the copper

complex [36]. Finally, the electronic absorption spectrum

of Zn(II) complex 5 shows an absorption band at 425 nm

attributed to the LMCT transition, which is compatible

with this complex having an tetrahedral structure; the

diamagnetic behavior is due to d10 configuration of Zn?2

ions [37].

3.2.3 NMR (1H and 13C)

The 1H NMR spectrum of the zinc complex 5 is recorded in

DMSO-d6 at room temperature. In the spectrum of the zinc

complex the hydroxyl oxime proton signals observed at d

11.3 ppm in the spectrum of the free ligand was found to

be absent, confirming the subsequent involvement of

deprotonated hydroxyls in chelation to the metal ions [38].

The broad signal appeared at d 4.9 ppm, was not found in

the spectrum of the free ligand due to the resonance of

protons of coordinated water molecules [disappeared after

addition of D2O due to proton exchange] [21]. The 13C

NMR spectrum of zinc complex showed chemical shift to

higher value at 146.9 ppm (C6-ipso) and 130.2 ppm (C1-

ipso) in comparison with the signal of free ligand suggest

that coordination through nitrogen of azomethine (C=N)

and oxygen of oxime (C=N–OH) group. No changes in

signals of other carbon atoms are detected.

3.2.4 Electron Spin Resonance (ESR) Spectra

The electron spin resonance (ESR) spectrum of Cu(II)

complex 4; Fig. 5 in solid state gives axial signal shape and

have symmetric bands with two g values, gk = 2.28,

g\ = 2.04. These values suggest a tetrahedral stereochem-

istry for the complex. The average g value equals 2.12 was

Fig. 1 The proposed Structure

of Schiff base ligand H2L
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calculated according to the equation gav = 1/3[gk ? 2g\].

Complex 4 exhibits gk\ 2.3, suggesting covalent characters

of the copper-ligand bonding in this complex [39]. From the

observed trend gk[g\[ 2.0023, it is clear that the

unpaired electron lies predominantly in dx2�y2 orbital, giving

2B1g as the ground state [40]. The exchange interaction

(axial) parameter (G), calculated as G = (gk - 2.0023)/

(g\ - 2.0023), and found for the present copper(II) com-

plex as 7.3, suggests that the local tetragonal axes are

aligned parallel and the exchange interactions between

copper(II) centers in the solid state are negligible [41, 42].

The ESR spectral parameter of Cu(II) in complex has tetra

hedral geometry around Cu(II) ions. These data are well

consistent with other reported values [43].

Fig. 2 a The 1HNMR Spectrum of H2L in (DMSO). b The 1HNMR Spectrum of H2L in (DMSO ? D2O)
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3.2.5 Thermal Studies

The thermo gravimetric analysis (TGA) curves for com-

plexes were obtained at a heating rate of 10 �C/min and

flowing nitrogen atmosphere over a temperature range of

room temperature 800 �C and the proposed decomposition

data were recorded in Table 2. As examples, Figs. 6 and 7

show the thermograms obtained for complexes 2 and 3.

The first step with small mass losses occurs between 80

and 90 �C, due to loss of outer sphere crystalline water.

The removal of coordinated water molecules appeared at

higher temperature ([110–120 �C). The complexes show

multi-step decomposition due to thermal degradation of

organic part of ligands. The final weight loss matches with

the formation of metal oxides as the stable end product.

From the thermogravimetric analysis, the overall weight

losses for 2, 3, 4, and 5 complexes agree well with the

proposed formula obtained by elemental analysis, IR, 1H,
13C NMR, mass, ESR, and magnetic susceptibility mea-

surements. The proposed structures as in Fig. 8 have been

assigned for the metal complexes.

3.3 Corrosion Inhibition Studies

3.3.1 Weight Loss Technique

The corrosion rate (CR) in mils per year (MPY) and per-

centage corrosion inhibition efficiency (IE% = lw%) were

calculated using the Eqs. (1) and (2), respectively [44].

CR ¼ W � 534=A � d � t; ð1Þ

where W = weight loss (g), d = density of mild steel

(7.85 g/cm3), A = area of specimen (sq.cm), T = exposure

time (h).

lw% ¼ ðC0
R � Ci

RÞ=C
0
R

� �

� 100; ð2Þ

where C0
R and Ci

R are the corrosion rates in absence and

presence of inhibitors, respectively.

From the evaluated weight loss, surface coverage (h)

was calculated using Eq. (3):

h ¼ C0
R � Ci

R=C
0
R

� �

ð3Þ

The values of percentage inhibition efficiency (lWL%),

corrosion rate (CR), and surface coverage (h) obtained

from weight loss method at different concentrations of all

compounds at 293 K are summarized in Table 3.

From the data, the Schiff base and its complexes show

appreciable corrosion inhibition for carbon steel in 0.5 MHCl

medium. The effect of inhibitor concentration on inhibition

efficiency in the presence of different concentrations of the

Schiff base and its complexes show that the maximum inhi-

bition efficiency is at 7 9 10-4 Mol/dm3 in 0.5 M HCl

solution. The Co(II) complex 2 exhibited the greatest impact

on corrosion inhibition among the other compounds as they

appear in the chart (1). It was found that the efficiency order

followed by compounds is 2[ 3[ 5[ 1[ 4.

In order to get good reproducibility, experiments were

carried out from two to three times per test. In the present

Fig. 3 The mass spectrum of

H2L
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study, the standard deviation values among parallel test

experiments were found to be smaller than 4 %, indicating

good reproducibility. Also, we calculated some statistical

analysis (Table 4) as mean, median, mode, standard

deviation, minimum, and maximum values for each group

to measure inhibition efficiency of compounds to corrosion

of metals. From Table 4, we can obtain the minimum and

maximum inhibition efficiencies of the compounds. The

C H
3C H

3

C H
3

N N

M e O

O M e

C H
3

N NOH O H

C H
3

C H
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N N

M e O
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C H
3

C H
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.+
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.+
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.+
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.+
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.+
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m/e=89, R= 38.2

.+

.+

.+

m/e=73, R= 5.8

+.

+.

m/e=65, R= 68.9

+.

Scheme 1 The mass fragmentation pattern of Schiff base ligand H2L
1

Table 1 IR spectral data for

compounds 1–5
Comp H2O OH CH ar CH aliph C=N m(N–O) oxime M–O M–N M–Cl

1 – 3441 3090 2860 1620 1030 – – –

2 3385 – 3022 2954 1608 1061 615 584 312

3 3377 – 3035 2934 1608 1060 660 615 316

4 3425 – 2920 2850 1598 1059 660 584 315

5 3488 – 3075 2925 1610 1063 660 589 318
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order of inhibition efficiency of compounds is the follow-

ing: 2[ 3[ 5[ 1[ 4.

3.3.2 Potentiodynamic Polarization

The linear Tafel segments of anodic and cathodic curves

were extrapolated to the corrosion potential to obtain cor-

rosion current densities (icorr). From the polarization curves

obtained, Figs. 9a–e, the corrosion current (icorr) was cal-

culated by curve fitting using the Eqs. (4) and (5):

I ¼ icorr exp
2:3DE

ba

� �

� exp �
2:3DE

bc

� �� �

ð4Þ

The inhibition efficiency was evaluated from the mea-

sured icorr values using the relationship:

lp% ¼
i0corr � iicorr

i0corr
� 100; ð5Þ

where i0corr and i
i
corr are the corrosion current densities in the

absence and presence of inhibitors, respectively. The

electrochemical polarization parameters of steel corrosion

Fig. 4 Electronic spectrum of

complex 2

Fig. 5 ESR spectrum of Cu(II) complex 4
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in 0.5 M HCl in the presence and absence of various

concentrations of Schiff base and its complexes and the

corresponding corrosion efficiencies using Nova 1.10 pro-

gram are given in Table 5.

The obtained results show that the inhibition efficiencies

increase in the case of all used compounds when the

inhibitor concentration increases. The efficiency order is as

2[ 3[ 5[ 1[ 4.

The results obtained from the polarization measure-

ments are in good agreement with those obtained from the

weight loss method and render to it. Also, addition of

studied compounds effected both anodic and cathodic

reactions. Therefore, those compounds could be classified

as mixed type (anodic/cathodic) inhibitors.

3.3.3 Adsorption Isotherm

The increase in the inhibition efficiency of carbon steel in

0.5 M HCl solution, with increasing compound concen-

tration can be explained on the basis of additive adsorption.

In the present medium, the additives were shown the linear

plots for C/h versus Conc. and are suggested to obey the

Langmuir adsorption isotherm as seen in Fig. 10, according

to the following Eq. (6):

h=ð1� hÞ ¼ KC; ð6Þ

where h is the surface coverage, C is concentration of

inhibitors, and K is the adsorption equilibrium constant

which also represents the degree of adsorption (i.e., the

higher value of K indicate that inhibitor is strongly adsor-

bed on the metal surface); the K obtained from the recip-

rocal of the intercept of Langmuir plot lines and the slope

of these lines is near unity, meaning that each inhibitor

molecule occupies one active site on the metal surface.

3.3.4 Scanning Optical Microscope

The optical images of carbon steel sample Fig. 11a shows

degradation of carbon steel in the absence of inhibitors.

The degradation appears more at grain boundary, since

these regions are most susceptible to corrosion, and may be

responsible for the high rate of corrosion. The optical

images Figs. 11b–f of the carbon steel after corrosion in

acid medium containing inhibitors show adsorbed layer of

Table 2 Thermal gravimetric analysis for compounds 2, 3, 4, and 5

Compound

no.

Stages Temp. range

(�C)

Calculated

%

Found

%

Percent

error %

Assignment

2 First step 20–110 15.90 15.30 3.9 2 Crystalline H2O ? Cl2

Second step 110–403 21.70 21.30 1.9 2 Coordinated H2O ? 2C4H7

Third step 403–503 13.70 12.80 7 2NO2

Fourth step 503–652 26.00 23.50 10 Decomposition of organic part of ligand

(2C7H6) ? N2 ? O2

Residue 652–800 16.10 15.60 3.2 1.45 CoO

3 First step 20–120 12.30 13.20 -6.8 2 Crystalline H2O ? NO2

Second and Third

step

120–482 28.60 28.10 1.8 2 Coordinated H2O ? NO2 ?2C4H7

Fourth step 482–660 37.50 38.90 -3.6 Decomposition of Organic part of ligand

(2C7H6) ? Cl2

Residue 660–800 20.00 19.60 2.0 1.8 NiO

4 First step 20–123 5.30 5.30 0.0 2 Crystalline H2O

Second step 123–242 9.40 10.70 -12.0 2 Coordinated H2O ? N2

Third step 242–374 26.60 27.70 -3.9 Decomposition of organic part of ligand

(2C4H7) ? Cl2

Fourth step 374–623 40.00 43.00 -6.9 Decomposition of organic part of ligand

(2C7H6) ? 2NO2

Residue 623–800 14.00 13.00 7.6 1.25 CuO

5 First step 20–130 13.00 12.40 4.8 1 Crystalline H2O ? Cl2

Second step 130–300 7.90 8.90 -11.2 1 Crystalline H2O ? 2 Coordinated H2O ? N2

Third step 300–497 13.4 13.5 -0.7 2NO2

Fourth step 497–695 51.20 54.00 -5.2 Decomposition of Organic part of ligand (2C7H6) &

(2C4H7) ? NO

Residue 695–800 13.00 12.00 4.8 1.1 ZnO
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Fig. 6 TGA of complex 2

Fig. 7 TGA of complex 3
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inhibitor molecules on the metal surface, thus protecting

the metal.

3.3.5 Mechanism of Corrosion Inhibition

The TGA results show that the compounds can be used as

corrosion inhibitors under conditions that do not surpass

90 �C which is the onset temperature of the complexes

degradation. Increasing of temperature may lead to partial

decomposition of the complexes. Also, it was reported that,

the increasing of temperature caused the partial decom-

position of the coating film and separated from carbon steel

surface [45].

It can be seen from the data that the Schiff base (H2L,1)

and its complexes exhibited good corrosion inhibition

against corrosion of mild steel in acidic medium which

may be attributed to the presence of p electrons in aromatic

systems and multiple bonds, presence of azomethine group,

and the electronegative atoms (O and N) In the inhibitor

molecules structures [46]. The effect of additional methoxy

substituent groups on the aromatic ring. The methoxy

group exhibits an inductive effect that results in the

increase of the electron density and the activation of the

aromatic ring, which may impact better absorptivity to the

inhibitor which improve adsorption and protection. This

suggests that corrosion inhibition is a result of adsorption

H3C

NN

H3CO OCH3
CH3

H3C CH3

NN
OO

M M

OH2

Cl
Cl

H2O

2H2O

M= Co, Ni, Cu and Zn

Fig. 8 The proposed structure of complexes 2–5

Table 3 The corrosion rate,

surface coverage, and inhibition

efficiency values for the

corrosion of mild steel in

aqueous solution of 0.5 M HCl

in the absence and in the

presence of different

concentrations of different

inhibitors from weight loss

measurements

Compound Concentration (M) CR (mm/year) h IE%

Blank 0.5 M HCl 0.0035 – –

1 0.0001 0.000874011 0.728374 72.83737

0.0003 0.000768239 0.761246 76.12457

0.0005 0.000462057 0.856401 85.64014

0.0007 0.000395254 0.877163 87.71626

2 0.0001 0.000740405 0.769896 76.98962

0.0003 0.000718137 0.776817 77.68166

0.0005 0.000292265 0.90917 90.91696

0.0007 0.000208761 0.935121 93.51211

3 0.0001 0.000896279 0.721453 72.14533

0.0003 0.00064855 0.798443 79.84429

0.0005 0.000489892 0.847751 84.77509

0.0007 0.000211544 0.934256 93.42561

4 0.0001 0.00099116 0.688581 68.85813

0.0003 0.000613968 0.807093 80.70934

0.0005 0.00058093 0.817474 81.7474

0.0007 0.000528618 0.83391 83.391

5 0.0001 0.000578176 0.818339 81.83391

0.0003 0.000481814 0.848616 84.86159

0.0005 0.000371685 0.883218 88.3218

0.0007 0.000294595 0.907439 90.74394

Table 4 Some statistical

analysis for 1, 2, 3, 4, and 5

compounds for studying the

inhibition efficiency of

corrosion of metal in acid

medium by weight loss method

Compound Mean Median Mode SD Minimum value Maximum value

1 80.6 80.8 72.8, 76.1, 85.6, 87.7 7.2 72.8 87.7

2 84.7 84.3 76.9, 77.6, 90.9, 93.5 8.6 76.9 93.5

3 82.5 82.3 72.1, 79.8, 84.7, 93.4 8.9 72.1 93.4

4 78.6 81.2 68.8, 80.7, 81.7, 83.3 6.6 68.8 83.3

5 86.4 86.5 81.8, 84.8, 88.3, 90.7 3.9 81.8 90.7

All compounds 82.6 82.6 – 7.1 68.8 93.5
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of inhibitors on the metal surface and the compounds act as

adsorption inhibitors. Also, it should be emphasized that,

the large size and high molecular weight of the compounds

can contribute to the greater inhibition efficiency.

3.4 Antibacterial Activity

Sulfate-reducing bacteria (SRB) are commonly considered

the main culprits of microbially influenced corrosion

(MIC) due to their characteristic corrosion product iron

sulfide which are ubiquitously associated with anaerobic

corrosion damage. The results of antibacterial activity of

Schiff base ligand H2L and its complexes against (SRB)-

stabilized mixed culture are clear in Fig. 12. The antibac-

terial activity tests were carried out in four concentrations

100, 300, 500, and 700 ppm and showed a good antibac-

terial activity. The most active compound comparison with

other is 4 which is followed by 2 and 5. From the results,

the antibacterial activity was increased with the increasing

concentration of compounds and the lowest concentration

of 4 with a good antimicrobial activity is 300 ppm. The

results revealed that the SRB activity was less inhibited

using compound 1. The antibacterial activity of compounds

due to the interaction of biocides with surface cell causes

Fig. 9 Polarization curves for mild steel in the presence of different concentrations of compounds 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e)
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destruction of the microstructure of the cell wall and the

cytoplasmic membrane [47, 48].

3.4.1 Mechanism of Antimicrobial Activity

Schiff bases having chelation with oxygen, nitrogen

donors, and their complexes have been used as drugs and

possess a wide variety of biological activities against

bacteria, fungi, and certain types of tumors and also, they

have many biochemical, clinical, and pharmacological

properties due to the presence of azomethine group

(–N=CH–) which imports in elucidating the mechanism of

transformation and racemization reaction biologically. In

general in this work, the metal chelates show higher

antimicrobial activity than the parent Schiff base. The good

antimicrobial activity of metal complexes than Schiff base

ligand is due to chelation theory [49], which suggests that

the chelation process increases the delocalization of the

p-electrons over the whole chelate ring, which results in an

increase in the lipophilicity of the metal complexes.

Table 5 Polarization

parameters of Schiff base

H2L and its complexes

Comps. Conc. ba bc Ecorr. Icorr. CR IE%

1 Blank 47.6 71.3 -478.3 119.34 0.9236 –

1 9 10-4 48.6 56.5 -490.0 19.54 0.1175 83.6

3 9 10-4 32.0 32.9 -492.9 16 0.1129 86.5

5 9 10-4 16.3 14.2 -493.6 13.9 0.802 88.6

7 9 10-4 18.46 14.6 -481.6 11.34 0.1079 90.5

2 Blank 55.8 71.9 -479.0 246.8 1.90 –

1 9 10-4 24.4 19.9 -495.3 43.2 0.3349 82.4

3 9 10-4 35.9 42.7 -494.1 39.7 0.3082 83.8

5 9 10-4 42.7 59.2 -440.2 27.4 0.3179 88.8

7 9 10-4 35.3 35.7 -442.5 21.0 0.1965 91.4

3 Blank 47.6 71.3 -478.3 119.34 0.9236 –

1 9 10-4 21.8 17.4 -463.9 25.6 0.1577 78.5

3 9 10-4 13.44 17.03 -446.6 20.6 0.1985 82.7

5 9 10-4 22.9 13.6 -450.6 10.6 0.8 91.1

7 9 10-4 19.5 16.6 -452 6.8 0.05 94.3

4 Blank 47.6 71.3 -478.3 119.34 0.9236 –

1 9 10-4 40.5 32.6 -472.9 27.6 0.2140 76.8

3 9 10-4 37.4 47.6 -464.5 24.8 0.1866 79.8

5 9 10-4 44.7 48.9 -459.0 21.14 0.1638 82.2

7 9 10-4 34.04 38.6 -453.4 19.4 0.1476 84.0

5 Blank 47.6 71.3 -478.3 119.3 0.9236 –

1 9 10-4 57.6 90.4 -458.2 27.6 0.2142 76.8

3 9 10-4 40.9 47.2 -468.7 26.33 0.2040 77.9

5 9 10-4 30.46 29.90 -463.3 15.45 0.1197 87.5

7 9 10-4 30.27 30.30 -453.3 11.37 0.0881 90.4

Fig. 10 Langmuir isotherm of

H2L and its complexes at 20 �C

on carbon steel surface
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Consequently, the metal complexes can easily penetrate

into the lipid membranes and block the metal binding sites

of enzymes of the microorganisms. These metal complexes

also affect the respiration process of the cell and thus block

the synthesis of proteins, which restricts further growth of

the organism.

4 Conclusion

New homobimetallic complexes with Schiff base Bis(di-

acetylmonoxime)biphenyl-3,30-dimethoxy-4,40-diamine were

prepared and investigated. The structure of the ligand and

its complexes were determined by elemental analysis,

magnetic moment, and mass, UV, IR, 1H NMR, 13C

spectra. The Schiff base and its complexes were tested as

corrosion inhibitors and fined as mixed type inhibitors as

evident from the weight loss and potentiodynamic polar-

ization techniques. The inhibitor efficiencies of compounds

increase with increasing concentration of the compounds.

The order of inhibition efficiency follows the following

pattern 2[ 3[ 5[1[ 4, due to increasing of the molec-

ular weight of compounds. The inhibitors obey Langmuir

adsorption isotherm. Also, the optical microscope images

revealed protection of metal surface in the HCl medium by

the adsorption of inhibitors on the surface of the metal. The

Fig. 11 Optical microscope images of carbon steel sample in acid medium without inhibitor (a), and with inhibitors H2L
1 (b), 2 (c), 3 (d), 4 (e),

and 5 (f)

Fig. 12 The inhibition

efficiency of different

concentrations from Schiff base

(1) and its complexes (2–5) in

0.5 M HCl solution
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synthesized compounds appeared a good antibacterial

activity against SRB which can cause corrosion. Finally,

the synthesized compounds can be used in double purpose

as corrosion inhibitors and as biocides.
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