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Graphical Abstract

Two novel 1,3,4-thiadiazol ethiosemicarbazone ligands were synthesized in addition to
their Co(ll) chelates which have been proved using various analysis tools. The
synthesized ligands and their complexes were also investigated as inhibitors for the
corrosion of carbon steel in 1.0 M HCI using different techniques. The obtained

results reveaed that such compounds act as good inhibitors.
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Abstract

Two novel thiosemicarbazone linked with 1,3,4-tieadle ligands were synthesized
through the condensation reaction of the acetyligrat position 5 of 1,3,4-thiadiazole
derivatives with thiosemicarbazide in acidic etlaswution in addition to their Co(ll)-
complexes. The divalent cobalt complexes of botgarlds have been synthesized
through the reaction of cobalt acetate with eaghnld leading to the formation of the
two complexes [(LH)Co(OACc)]0.540 and [(LCI)Co(OAc)(HO),]; where LH and LCI
are 1,3,4-thiadiazolethiosemicarbazone ligands.tiMoecomplexes have been proved to
have tetrahedral and octahedral geometry from #wmalts of UV-Vis spectra and
magnetic moment. Analysis of the IR spectra of bigidinds and complexes ascertained
that the ligands behaved as monobasic tridentatedc@ting to the metal ion center
through azomethine-nitrogen atoms and thiadiazalg in addition to deprotonated SH
group. The synthesized ligands and their compleae also investigated as inhibitors
for the corrosion of carbon steel in 1.0 M HCI gsiweight loss, potentiodynamic
polarization, electrochemical impedance spectrogemp scanning electron microscopy
techniques. The obtained results revealed thaintméition efficiencies of the tested
derivatives were found to depend on the concentratiand structures of such
derivatives, and were decreased with raising teatpex. At the same inhibitors
concentration, the inhibition efficiencies are btlg increased in the ordetH > LCl >
LH-Co > LCI-Co. The results derived from all applied techniquestarmonious with
each other
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1. Introduction

Corrosion is considered as the most serious prolfenmg metals and their alloys,
which in turn causes various industrial problemghsas deterioration of buildings and
machinery, corrosion of boilers in factories antrgeum pipeline in oil refineries and
others, causing short life of these facilities dowd operational efficiency of them [1].
The application of corrosion inhibitors is the besty to control corrosion of the metal
and alloy surfaces due to its facility of implenmegidn and cost-effectivenefls2]. For
this reason, numerous organic compounds partiguilacluding heteroatoms (N, O, S)
in the form of conjugated-bond, polar groups, and aromatic rings, have lspegified

as perfect corrosion inhibitors [3-6].

1,3,4-Thiadiazoles have been extensively invesaydor their applications in
several fields as pharmaceutical, agrochemicals iaddstrial sectors [7-10]. For
instance, methazolamide, acetazolamide and sulfanete are marketdrugs having a
1,3,4-thiadiazole nucleus [11]. In addition, thegvé found to be good oxidation
inhibitors [12] and metal complexing agents [13] emh 1,3,4-thiadiazoles and
thiosemicarbazones play important roles in thesgis of valuable metal-complexes
[14-16] due to the presence of two nitrogen anfusulonor atoms. A literature survey
[17, 18] and through our previous research work ,[120] showed that
thiosemicarbazones have many biological applicatiamd are also used as anti-
corrosion of mild steel and many minerals in theliaanedium. Furthermore, Bouraiou
and coworkers have recently proved that cobalt ¢exes exhibited corrosion inhibition

ability for steel in acidic medium [21].

Carbon steel is the most widely used steel allogdum various industries
including petroleum, automotive, channels, plates|d-rolled sheets and power
generation [22]. Due to its broad applications nidustrial sectors, it predominantly
exists immersed with acidic medium, mainly HCI whis exceedingly utilized for acid
pressing for elimination of oxide level from it be¢ undergoing next processing,
decaling, and acidization of oil wells [22]. Carbsteel is extremely oversensitive

towards corrosion in acidic media.

Motivation from all the above activities and extemyl our experience in the

preparation of effective complexes [23-29], we liegted herein to synthesize two 1,3,4-



thiadiazolethiosemicarbazone ligands and theirleintacobalt complexes. Further, these
compounds were tested for their corrosion inhibitiperformance on the acidic
corrosion of carbon steel in 1.0 M HCI solution witmplementation of various

techniques as weight loss (WL), potentiodynamicapétion (PDP), electrochemical

impedance spectroscopy (EIS) and scanning elentiormscopy (SEM).
2. Experimental
2.1. Materialsand Methods

All used reagents in this study were of very pund abtained from BDH, Aldrich or
Sigma. The utilized solvents for recording all gpacinvestigations in this text were
bought with high purity from Aldrich. The elementalicroanalyses [C, H, N] of the
synthesized derivatives were carried out at Cairovérsity, in the microanalytical
center on Perkin-Elmer 2400 CHN Elemental analyZée Infrared (IR) spectra were
performed on a 1430-Perkin-Elmer infrared-spectobpmeter ranging from 4000 to
200 cm' as sample-KBr discs. The NMR spectra were caoigdn dimethyl sulfoxide
(DMSO-dg) on*H-NMR (Varian operating at 400 MHz) af®CNMR (Varian operating
at 100 MHz). A Shimadzu UV-Vis 240 spectrophotomet@as used to record the
electronic absorption spectra. The solid compleragnetic susceptibility was recorded
at ordinary temperature by using magnetic susaéptibnstrument via the Gouy's
technique. TGA (thermogravimetric analysis) of thve prepared solid complexes were
recorded on the TG-50-Schimadzu thermogravimetrayaer under 10°C /min heating
rate/nitrogen atmosphere with temperature rangingmf 25 to 800 °C. The
electrochemical corrosion measurements, potenterdyn polarization (PDP) and
electrochemical impedance spectroscopy (EIS), weneeyed out using a thermostated
PGSTAT30 potentiostat/galvanostat using a threetrelde electrochemical cell with
carbon steel as the working electrode (WE), satdratlomel electrode (SCE) as the
reference electrode (RE) and the platinum courtmtrede (CE). The morphology of
carbon steel surface before and after addition haf $ynthesized compound was
investigated using scanning electron microscopyMPBbsing JEOL Scanning Electron
Microscope (SEM) model T-200. A carbon steel rodalwhwas the working electrode
(its composition, wt. %: C = 0.11%, Si = 0.25%, $.85%, P = 0.04 %, Mn = 0.45%
and the remainder is iron) and was contemporizédréeach experiment as reported
earlier [2,3], then it was placed immediately iit@ M HCI (corrosive medium, blank)
and/or the desired inhibitor concentration at opiecuit potential (OCP) until a steady
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state was reached. The 1.0 M HCI solution was pegpdy diluting the analytical
reagent (37% HCI, AR grade) with double-distilledter.

2.2. Synthesis of 5-acetyl-3-aryl-2-imino-1,3,4-tadiazole (3a and 3b)

Thiadiazole derivative8a and 3b have been prepared as previously described [30] as
follows: A solution of 0.01 mole = 1g of potassiuhiocyanate2 in 10 mL water has
been added, while stirring, to suspensions of Iaairayl chloride derivative& (0.005

mol) in ethanol (50 mL). The mixture has been tlstinred for 5 hours at room
temperature, during which dissolution took placd aaw solids have been formed. The
latter have been collected, washed was water, atdanol was used to recrystallized to

give products3aand3b.
2.2.1. 5-Acetyl-3-phenyl-2-imino-1,3,4-thiadiazole (3a)

Yellow solid, (0.19 g, 90 %), mp, 70-7€ (EtOH), (Lit. mp. 74- 76 °C) [30].
2.2.2. 5-Acetyl-3-(4-chlorophenyl)-2-imino-1,3,4-thiadiazte (3b)

Yellow solid, (0.2 g, 80 %), mp. 126-138 (EtOH), (Lit. mp 127C) [30].

2.3. Synthesis of compounds 5a and 5b (LH and Ldbkands)

A mixture of 0.01 mole of 5-acetyl-3-aryl-2-iming3l4-thiadiazolederivative§3a or
3b), 0.01lmole of thiosemicarbazide and a few dropsasic. HCI in ethanol (30 mL)
have been refluxed for 5 h. The solid products,ciwliormed after cooling, have been
collected and recrystallized from ethanol/dioxaree dive the thiosemicarbazone
derivativesLH andLCl (Scheme 1).

'H NMR of LH (DMSO-d) § 2.30 (s) (CH 3H,), 7.62-8.14 (m) (Ar-H and NH, 6H),
8.15 (s) (NH, 1H), 8.40 (s) (NH, 1H), 10.40 (SHNLH).

'H NMR of LCI (CDCk) § 2.34 (s) (CH, 3H), 6.40 (s) (NH, 1H) 7.10 (d) (Ar-H, =
9Hz, 2H), 7.30 (d) (Ar-HJ = 9Hz, 2H,), 7.33 (s) (NH, 1H), 8.33 (s) (NH, 118)79 (s)
(NH, 1H);**C NMR of LCI (DMSO-a) § 21 (CHy), 127, 130, 131, 134, 137, 140, 145,
172 (C=S).
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Scheme 1Synthetic pathway of ligandsH (5a) and_CI (5b)

2.4. Synthesis of cobalt complexes (LH-Co and LCI-Qo

The two metal complexdsH-Co andLCI-Co have been synthesized by slow adding of
a 0.001 mol of cobalt acetate tetrahydrate (0.249 Qo(CHCOO).4H,0) dissolved in
hot methanol to hot methanolic solution containng92 g or 0.326 g of ligandH or
LCI, respectively (0.001mol and 20 ml ). The formectories have been subjected to
heat with reflux for 2 h at 65 °C during which ca@d products were separated out.
Using vacuum filtration to separate the coloreccimieates from the hot solutions, then
methanol & ether were used to wash the precipaatkfinally dried under vacuum.

3. Results and discussions

3.1. Stoichiometry and nature of the complexes

Molecular formulae of the synthesized ligands ameirtmetal complexes along with
their empirical formulae, molecular weights, colamgelting points, molar conductance
values and analytical results are depicted in Tabkenalysis of the synthesized organic
ligands [H &LCI ) and their divalent cobalt complexésH{Co andLCI-Co) by means

of elemental analysis tool showed that the strestwf the synthesized compounds are
in good agreement with the predicted molecular tda® represented in Table 1. The

results supported the formation of the cobalt dieslan the molar ratio 1:1 (M:L).



Measurement of the molar conductance froniMGolution of the measured complexes
in DMF supported their non-electrolytic type €14.6 &—-18.20*cm? mol™* for LH-Co
and LCI-Co, respectively) [31,32]. The compounds were foumdhe highly stable in
air. They are easily soluble in most polar orgasotvent but not soluble in non polar

solvents.

Table 1. Micro-analysis and physical characteristiof the synthesized compounds

Comp. Molecular formula Color (An)!  m.p. Microanalysis,
. al . Calc. ( Found) %
code (Empirical formulae) (Mol. Wt.) (yield)

C% H% N% M% [©

LH C1iH1:N6S, Orange - 224" 4519 414 2874 -
(292.38) (89%) (45.23) (4.18) (28.62)
LH-Co [(LH)Co(OAc)]0.5H,O Deepreddish 14.6 >300 37.32 3.61 20.09 14.09
(418.36)
LCI C1H1:N6S,Cl Orange - 180" 4042 339 25.71 -
326.83 (92%) (40.51) (3.25) (25.86)
LCI-Co [(LCI)Co(OAc)(HxO),] Deepreddish 18.2 >300 3254 3.57 1751 12.28
C1aH17N60,S;CICo brown (84%) (32.47) (3.48) (17.49) (11.87)
(479.83)

2 Molar conductivity of 1 M DMF solutionQ*cn? mol. ° decomposition temperature.

‘calculated from TG thermograms
3.2. El-Mass spectroscopy

The mass spectra of the organic ligands LH & LG #meir complexes LH-Co & LCI-
Co were interpreted in order to ensure the comiposénd pureness of such compounds.
Figure 1 & 2 illustrate the mass spectra with samaracteristic fragments of LH and its
cobalt complexes LCI-Co while the mass spectra@if &and its cobalt complex LCI-Co
are interpreted in Figs S1 and S2. Mass specttiépf Cl, LH-Co and LCI-Co gives the
molecular ion peak at 293, 327, 419 and 480, reisdyg, corresponding to M1 for

LH and LH-Co and the molecular weight of and LCHdrCI-Co (theoretical molecular
weights are 292.39, 326.83, 418.36 and 479.83 #dr LCl, LH-Co and LCI-Co,
respectively) confirming the formation of the comipds as proposed in Table 1 and
Scheme 1.
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Figure 1. The El-mass spectra with fragmentation pattertigandLH
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Figure 2. The El-mass spectra with fragmentation patterrcémplexLH-Co

3.3'H and °C NMR spectra

Our target multi-dentate ligand$i andLCl were preparetia condensation reaction in
acidic medium from 5-acetyl-1,3,4-thiadiazole datives,3, and thiosemicarbazidd,

as sketched in Scheme 1. The data extracted ftoMMR of the two ligands (Fig. 1)
proved their structuresH NMR spectra of the two ligandsH andLCl showed the
presence of singlet signal for @idrotons at 2.30 and 2.34 ppm, respectievely. Also,



they have four singlet signals &t7.62-8.14 (m, 6H, Ar-H and NH), 8.15, 8.40, 10.40
and one in the aromatic region (foH) and até 6.40, 7.33, 8.33 and 8.79 ppm (for
LCl). The apperance of four different NH signals iatied the existance of H-bond
between one proton of NHand N=C groups which leds to the nonequevelant two
protons of the amino group of thiosemicarbazoneetydi20]. Also,**C NMR of the
synthesized ligand.Cl appeared all the nine characteristic signals foe hon-

equivalent carbon atoms (Figure 3).

(a) : CH,

NH
NH NH NH

---ll--i---—l--j-v--i-!--v--v---- ek e — -

12 v w 9 & T & § 4 3 2 1 ppm

(b)
Ll

T T T N T T T T T T T

— .
120 100 80 80 40 20 0 ppm

T T T

200 180 I 160 1
Figure 3.'H NMR (a) and*C NMR (b) spectra of ligantCl

3.4. FT-IR spectra

Identification of the coordination sites in the angc ligand that participate in bond
formation with the central ion can easily achievsd accurate comparison of FT-IR
spectra of the ligand with that of metal chela@sordinated function groups peaks,
usually, undergo alteration either in their posiicand/or their intensities. Some other
peaks disappear after complexation. The most irapbibfrared bands showed by the

organic ligands and their cobalt chelates are sgpried in Table 2.

The spectra of the two liganti$l andLCl exhibited two bands at 3398 & 3264
cm?® for LH and at 3411& 3222 cihfor LCI that assigned to asymmetric and
symmetric vibrations of Nkgroups while The bands appearing at 3152 and 889
was assigned tg(NH) of the imino group [33]. These vibrations ooeudl, in the spectra



of complexes, almost at the same place indicatingt tthese bands remained
uncoordinated in the metal complexes. Some of thesels underwent shift in their
position to higher or lower wavenumbers in specfranetal complexes as a result of

their involvement in H-bonding [34].

The absorption band characteristic of thgSH) of thioimide group that
frequently appears in the range 25002700 &smissing in the spectrum b€l ligand
which proves that this ligand is present in theotikei form in the solid state and the
possibility of thioamide-thioimidoltautomerism (H-8=S, N=C-SH) is not possible
[35]. Such band appeared in the spectrum of L-BB&0 cni as a sharp signal showing

that this complex exists in the thiole form in gwdid state.

The three bands appearing at in the spectruinHofat 1605, 1288 & 889 cm
'and appearing at in the spectruniL@fl at 1595, 1299 & 734 cthassigned to(C=N),
v(C=S) and(C=S),respectively. In the spectra of complekelsCo andLCI-Co, such
bands have shifted to higher or lower wavenumbensfitning the attachment of
azomethine nitrogen and thiolate sulfur to the ne&ter. The participation in the
coordination to the metal center [35]. The parttipn nitrogen atom in coordination to
Co center is further supported by the existenceoofligand bands at 455 and 461tm
in the spectra ot H-Co andLCI-Co, respectively, which assignable ¥(N-M). The
two bands appearing in the spectrumLéf-Co at 1564 and 1308 ch and in the
spectrum ofLCI-Co at 1545 and 1342 chassignable to,sy andvsym of the acetate
group, respectively. The difference between the ltamods was calculated to be 256 and
203 cm*® for LH-Co andLCI-Co, respectively, supporting the monodentate natfire o

the acetato group [26].

Table 2. Assignments of diagnostic important bandsn IR spectra for the

compounds under study.
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Compound  vNH,,vNH vC-Hsp® vC=N wN-N &NH  vCS, vM-N

LH 3398, 3264, 3152 2932 16051074 1489 1288, 889 -

LH-Co 3430,3279, 3156 2940 15641021 1498 1308,845 455

LCI 3411, 3222,3139 2975 15951197 1495 1299, 734 -

LCI-Co 3429, 3231, 3183 2930 16011088 1486 1317,725 461

3.5.Thermogravimetric analysis

Thermal analysis is a helpful tool that is appliedassign the thermal behavior and
stability of metal chelates as well as understapdimeir coordination behavior through
introducing exemplary information about their thatrmaharacteristics, intermediates, and
final products of their decomposition steps [23]isl also very helpful to assign the
nature and amount of @ and/or other solvent content and as well as toedinated
anionic groups. Based on these facts, the synéxsietal chelategH-Co & LCI-Co,
were subjected to TG/DTG analysis. Detailed theemalytical results for the two
complexed H-Co & LCI-Co are depicted in Table 3 and interpreted in Fig. 4.

Careful study of the complexes thermograms showatddomplexetH-Co & LCI-
Co decomposed within five successive steps withintémeperature range 28-80C.
The first step appeared at 28-93 and 28-Tsfor LH-Co & LCI-Co and assigned to the
loss of lattice and coordinated water moleculespeetively. Within the second stage
that appeared at 93-229 and 156-2@0 partial decomposition of the organic ligands
occurred with the loss of GH+NH for LH-Co and CH +CI for LCI-Co. The
coordinated acetate anion got lost within the tisitelb which appeared at 229-323 and
220-325°C for LH-Co & LCI-Co, respectively. The last two stages in both comgsex
assigned to the degradation of the organic ligahdsappeared within the ranges 323-
500 and 500-800C for LH-Co and 25-493 and 493-59€ for LCI-Co leading to the
formation of CoS as final decomposition productiravhich the percent of the metal
content has been calculated.

11
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Figure 4. TG/DTG curves of the two complexkbl-Co & LCI-Co

Table 3. The decomposition stages, temperature ranges,etieady found weight loss
and DTG temperature of cobalt complexes.

Complex no. Temp. DTG Mass loss % Assignment
(Mol. Wt.) range temp Calc. Exp.
(C)
28-93 48 215 1.70 -Loss of half lattice HO molecule.
LH-Co 93-229 205 7.17 7.50 - Loss of oneCkt NH groups.
[(LH)Co(OAC)]0.5H,0 229-323 282 14.11 13.65 - Loss of one coordinated GEOO
(418.36) group.

323-500 459 36.02 33.41 - Loss of GHN3S moiety.
500-800 553 9.30 9.90 -Further decomposition of ligand leaving

CoS+4C.
14.32 14.09 -% of metal content.
LCI-Co 28-156 77 7.5 7.82 -Loss of two coordinated 4 molecules.
[(LCDCo(OAC)(H.0);] 156-220 199 10.52 9.92 - Loss of one Clion + Cigroup.
(479.83) 220-325 265 17.93 18.08 - Loss of one coordinated GEOO

group+ C=N group.
325-493 440 28.17 28.38 - Loss of GHsNS moiety.
493-594 560 11.46 11.42 -Further decomposition of ligand leaving
CoS.
12.28 11.87 -% of metal content.

3.6.UV-Vis spectra and magnetic moment measurements

Electronic spectral analysis is considered the n@ohthat is applied to assign the type
of geometrical structure exhibited by the metalteem metal complexes. It is also very
useful to assign the type of electronic transitieriibited by different functions groups

in both organic and inorganic compounds.
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The UV-Vis spectra of the two ligandH & LCI and their complexes were
measured in the solid state using nujol mull teghei The free ligands exhibited two
bands at 248 & 294 nm faH and at 241 & 284 cihfor LCI that assigned to assigned
to n—7 transitions of aromatic benzene ring and azomethioups, respectively. The
band that appeared at 357 and 335 nm in the spetti#d and LCI, respectively,
assigned to #x* transition of azomethine groups. In the spectr@abalt complexes,
LH-Co andLCL-Co, such bands have shifted to longer wavelengthge@ed at 251,
306 and 360 nm in the spectrumldi-Co and at 252, 300 and 346 nm in the spectrum
of LCI-Co) as a consequence of coordination of the azomeiitiegen to the metal
center [36, 37].

LH-Co complex exhibited also one broad band centere@6&8 nm due to
“A,(F)— “T1(F) transition characteristic for tetrahedral getsné38]. Another broad
band centered at about 536 nm due to spin-orloigbling. The tertrahedral geometry of
LH-Co has been further supported by calculating thevalue which found to be 4.08
B.M evidencing tetrahedral geometry [38].

The electronic spectrum &fCI-Co complex exhibited two bands at 559 and 683
cm® assignable to*T1(F)—'Tig(p) and *“Tio(F)—"Ax(F) transitions, respectively,
supporting octahedral configuration [39,40]. Sucmplex exhibitedues of 4.65 B.M

which is characteristic of high-spin octahedral ptares.

Based on the previous results the structures ofwibecomplexed. H-Co andLCI-Co

can be illustrated as following (Scheme 2).

CH;

CH;
i N NH
S\[)%N/N\\[/I\Hz S } \N/OH\ 2
s HN:< | 2
m:< I | 0.511,0 _NY—Cde—s
_~N Co S N D
i N H,0 9.
N /F_CHS
O//C\CHS o
cl
LH-Co LCI-Co

Scheme 2Structures of the two complexiebl-Co andLCI-Co

3.7. Investigation of the corrosion inhibition of he prepared ligands and
complexes

3.7.1. Weight-loss measurements
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The experiments of weight-loss (WL) were carried oo cylindrical carbon steel rods
with areas closed to 12 érand were prepared for these measurements aseégantier

[2,3]. The inhibition efficiencies (% IE) of thevastigated inhibitors were calculated
from the values of corrosion rate (CR) of carboeek{determined in mpy) using the

following equation [41]:
%IE=0x100=[1—%} x 100 (2)
CR

Where, the values of corrosion rate are expressédRaand CR, in the obscurity and

existence of inhibitor, respectively.

WL measurements of carbon steel in 1.0 M Wére performed in the absence and
existence of different concentrations of the sysited ligands (H, LCl) and their
complexesl(H-Co, LCI-Co) in the concentration ranging from 100 to 900 pxir@5 C.
For briefly, curves of weight-loss (WL) versus tirabtained for the ligandH and its
cobalt complexl(H-Co) are illustrated in Fig. 5. % IE and values of GRcarbon steel
of all investigated compounds are also estimatedtalbulated in Table 4. The collected
data from Table 4 revealed that CR values reduceth wncreasing inhibitor
concentration. Therefore, the new synthesized dgvies can be considered as effective
corrosion inhibitors for carbon steel in HCI (1.0.MCareful examination of the results
(tabulated in Table 4 and clarified in Fig. 6 (ab&showed that at the same inhibitors
concentration, the inhibition capacities are litlghanced in the orddrH > LCI| > LH-

Co > LCI-Co indicating that the possible steric effects arettbnic density of donor
atoms of the test compound are considered as tha meason in the adsorption

operation.

Immersion Time (h) Immersion Time (h)
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Figure 5. Weight-loss (WL) versus immersion time of carbéees corrosion in 1.0 M
HCI solution in the absence and presence of difftecencentrations of ligandH (a)
and its complexH-Co (b) at 25C.
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Figure 6. Variation of inhibition efficiencies with the coectrations of the synthesized
ligands and their complexes: (@ & LH-Co, (b) LCl & LCI-Co, for the corrosion of

carbon steel corrosion in 1.0 M HCI solution at@5

3.7.2. Potentiodynamic polarization (PP) measurements

In both EIS and PP techniques, we calculated theeptage of IE of the test inhibitors as
published earlier [2,3]. The PP measurements fdrorasteel in solution of HCI (1.0 M)
in the presence and absence of various concemtsatibthe thiadiazole-compounds are
carried out (only PP curves obtained for the ligh@dl and its cobalt complex.CIl-Co)

as representative examples are only presentedrhErg. 7) and all parameters related to
corrosion are evaluated and are tabulated als@bteT4. The extracted results showed
that the addition of fixed concentrations of thatle compounds to the blank solution
turned both the cathodic and anodic branches efsunf the polarization towards lower
current density values, indicating the delay of @hedic and cathodic reactions, thereby
inhibiting iron corrosion. Since, the inhibitor ellted anodic and cathodic inhibition
effects with slightly shift irE, value to more anodic potentials, it could be dedutat
such new thiadiazole derivatives perform as mixgetinhibitors [41-43]. Enhancement
of % IE values were found with increasing concerdre of inhibitors and the extent of

inhibition efficiencies of the compounds, at thensaconcentration, followed the order:
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LH > LCI > LH-Co > LCI-Co, in consistent with the results obtained from WL

measurements.

Table 4. Corrosion parameters of carbon steel corrosionGn\VL HCI solution and the
values of % IE of the synthesized compounds obdhiftem the three employed
techniques (WL, PP and EIS) at &

WL PP EIS
Inh. C(:F())QF(T:S -Ecorr Pa B icorr % IE
CR - %IE  mW(SCE) (mvidec) (mVidec) (uAem?) Ra  %IE
0 241 -- 448 96 74 610 -- 55 --
100 81 66 441 127 85 220 64 152 64
200 57 76 435 128 88 140 77 240 77
LH 300 38 84 431 133 94 92 85 345 84
400 24 90 427 127 87 67 89 458 88
500 17 93 421 135 95 49 92 688 92
100 87 64 445 136 93 214 65 145 62
200 60 75 441 138 99 159 74 220 75
LCI 300 36 85 435 121 102 92 85 344 84
400 27 89 418 142 106 61 90 459 88
500 21 91 406 124 110 43 93 610 91
100 92 62 442 124 83 226 63 157 65
200 65 73 441 130 79 171 72 195 72
LH-Co 300 41 83 434 128 93 110 82 344 84
400 28 88 421 137 92 79 87 458 88
500 24 90 417 141 104 61 90 610 91
100 89 63 446 139 89 219 64 146 62
200 68 72 437 137 98 165 73 212 74
LCI-Co 300 38 84 431 143 97 116 81 324 83
400 31 87 443 147 86 92 85 502 89
500 27 89 424 131 88 79 87 557 90
-2.0 | | . . . -2.0 | ¥ T T
_ ---..-...._....-.. ) - ——
25 "'-_.". 2.5 ", -_::. .-._ M
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Figure 7. Potentiodynamic polarization curves of carbon steetosion in 1.0 M HCI
solution in the absence and presence of differententrations of: (a) ligandCl, and
(b) its complex_Cl-Co at 25C.

3.7.3. Electrochemical impedance spectroscopy (EIS) measments

The adsorption phenomena and the mechanisms iostanrresearches are explained by
using the commonly EIS technique. Nyquist plotsaron steel corrosion in 1.0 M HCI
solution in the absence and presence of severakatmations of thiadiazole-compounds
are plotted but only Nyquist plots for the ligarid$ andLClI are illustrated in Figure 6.
The values oR; and % IE are also listed in Table 4. Figure 8siitated that, for all
examined compounds, the impedance spectra in absamd existence of inhibitors
exhibit single depressed capacitive loops, whicheats that the adsorption of the
examined inhibitors occurs by simple surface coyerand such compounds behave as
primary interface inhibitors, and the corrosioncafbon steel was mainly controlled by
the process of charge transfer and double layesmvh@h Furthermore, it can be noticed
that the general shape of the capacitive loopsrigas in the absence or presence of the
inhibitors with different concentrations suggestititat there is no change in the
mechanism of the corrosion process [44]. The obthimpedance spectra were analyzed
by fitting the experimental data to a simple eql@méacircuit model, illustrated in Fig. 9,
which includes a double layer capacitanCg)(and a charge transfer resistankg)(and
the two elements are in series with a solutionstasce R). The diameter of the
capacitive semicircle of carbon steel in the com@snedium (solution of 1.0 M HCI)
was lower than that of the inhibited solutions. egnthe carbon steel electrode/HCI
system show higher impedance in the presence oibiiafs. This behaviour
demonstrates that the corrosion resistance of nasta®l in the presence of the examined
inhibitors occurs as a result of a decrease inrdke of carbon steel corrosion, and this
attitude enhanced with increasing inhibitor concatidn. Also, increasing value &%
with increasing the inhibitor concentrations indesathat the examined compounds act
as inhibitors via adsorption at the carbon stesttebde/HCI solution interface leading to
a decrease in their electrical capacities as thgylate water molecules and other ions
originally adsorbed on the metal surface [45]. Al increase of the value Bf; with
inhibitor concentrations implies that the number tbé inhibitor molecules which
adsorbed on the surface of carbon steel increaseltirg in the construction of

protective films on the electrode surface, and Bebecome barriers to hinder the mass
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and charge transfer, leading to increase the inbibefficiencies. These results confirm

that the investigated compounds act as efficiehibitors for the corrosion of carbon

steel in 1.0 M HCI solution. From the acquired omes of the three employed

techniques, it can be observed that the resultshefinhibition efficiencies of the

inhibitors obtained from the three techniques argaod agreement with each others.
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Figure 8. Nyquist plots for the corrosion of carbon steatasion in 1.0 M HCI solution
in the absence and presence of different concemisabf the ligands: (a)H, and (b)

LCl at 25°C.
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Figure 9. The equivalent circuit model used to fit the expemtal results.

3.6.4. Surface examinations

Scanning electron microscopy (SEM) micrographsasbon steel samples in a free 1.0
M HCI (corrosive solution) and with 500 ppm of tlexamined compounds are
illustrated in Figure 10(a—f). Figure 10a and b ifemt the pure carbon steel surface

before and after immersion in the corrosive sotufior 12 h, respectively. Figure 10b

shows the very elevated roughness of carbon steéhce which became strongly
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damaged along with the appearance of several craa#tspits which ascribed to the
aggressiveness of the examined acid medium. FR(ref) shows SEM micrographs of
carbon steel surface after treatment with 500 pprhe synthesized compounds: LH,
LCl, LH-Co and LCI-Co, respectively, supplementedthe corrosive solution. The
micrographs indicate that, the surfaces of carb@el ssamples suffered remarked
changes from the previous case where both the teva@ughnessand the strong
damage shown in the steel surface was disappeadetha surface was largely covered
with the inhibitor molecules on the whole surfaglis can be attributed to the strong
adsorption of the inhibitors on carbon steel swfamausing a decrease in the contact
between carbon steel surface and the corrosivei@oltesulting in a good corrosion
inhibition and protection of the steel surface [44]
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Figure 10. SEM micrographs of carbon steel surface: (a) befommersion in the
corrosive solution (1.0 M HCI), (b) after 12 h imre@n in 1.0 M HCI, as well as (c),
(d), (e) and (f) after 12 h immersion in the coivesmedia containing 500 ppm of the
synthesized compounds: LH, LCI, LH-Co and LCI-Gzspectively, at 25°C.

1.1.1. Adsorption considerations

An inhibition property was shown for thiadiazolgdnds and their cobalt complexea
their adsorption on the metal surface as well asesalternative adsorption isotherms
such as Langmuir, Frumkin, Freundlich, Temkin, dtave been widely utilized to
investigate the mode of adsorption of the testddbitor molecules and then their
corrosion inhibition mechanism. In the present gtudangmuir adsorption isotherm,
which is a relation between the values of fractiohaface coverageC(,/0) for the
investigated inhibitors against inhibitor concettna (Ci.), was fitted and is shown in
Fig. 11. The values of correlation coefficient tbe investigated compounds were near
to 1, which reveals that the inhibitor adsorptiontbe surface of carbon steel is well
fitted to the Langmuir adsorption isotherm [46,4%hich is represented by the bellow
equation [48]:

h:i-l-c:mh

9 Kads (2)

WhereK,gsis the equilibrium constant of adsorption.

10°C,,, /6 (mol/l)
10°C,, /8 (mol/l)

3
10° C,,, (mol/l) 10° C,,, (mol/l)
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Figure 11. Langmuir adsorption isotherms for the synthesizigdnds and their
complexes: (a.H, LH-Co and (b)LCI, LCI-Co adsorbed on the carbon steel surface
in 1.0 M HCI solution at 25C.

On comparison between the efficiency of gh@mined inhibitors (synthesized
ligands and their cobalt complexes) in the presardstigation and the previous reports
of employment of metal ion complexes as corrosigmhitors, e.g. Adam et. al. [43],
who studied the inhibition performance of threeoarg oxide-vanadium Schiff badé
salicylidene amino acid complexes on the corrosiocarbon steel in HCI solution. They
found that the synthesized complexes protect cadierl form corrosion, yielding
maximum inhibition efficiency up to 94.7% in theepence of 1.0 mM inhibitor and all
complexes act as mixed-type inhibitorslso, Abdel-Gaber, et. al. [47] studied the
corrosion inhibition of Schiff base (N,N’-bis-(sajialdehyde)-1, 3-diaminopropane) and
its cobalt complex on the corrosion of steel indacimedium. Their outcomes showed
that PDP measurement showed 73.41% inhibitionieffay in the presence of 35 mol/L.
However, EIS measurement displayed 84.3% and 83n2dbition efficiencies at the
same concentration and temperature. Abd El-Lagtesl. [44] synthesized four of metal
ion complexes of salicylidene anthranilate sodiwatt lggand and studied their inhibition
action on the corrosion of carbon steel in 1.0 Ml HZ various techniques. The results
obtained from PDP and EIS techniques displayed thatexamined ligand and their M-
complexes act as effective and mixed-type inhibitand the maximum inhibition
efficiency was about 95%. Also, the adsorption ofhs compounds on carbon steel

surface could be exemplified by Langmuir isotherm.

4 . CONCLUSION

Two derivatives of 1,3,4-thiadiazolethiosemicarlbiezo which synthesized by the
condensation reaction of 2,3-disubstituted-5-ae&fy)4-thiadiazolederivatives with
thiosemicarbazide in acidic medium, have been asechelating agent for the synthesis
of divalent cobalt complexes. The structures andtywf both ligands and their

complexes have been identified applying differemalgtical and spectral tools.
Analytical data indicated that the complexes hagenbformed in the molar ratio 1:1
(L:M) having the formulae [(LH)Co(OACc)]0.5¥D and [(LCI)Co(OAc)(HO),]; where

LH and LCI are 1,3,4-thiadiazolethiosemicarbazomands. When comparing the
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results of infrared IR-spectra of ligands with thder metal complexes, we found that
ligands acted as monobasic tridentate connectinghéo metal ion center through
nitrogen atoms of azomethine group & thiadiazahg and deprotonated SH group. UV-
Vis spectra and magnetic moment data showed thatdimplexes have have tetrahedral
and octahedral geometry. The synthesized ligandk their complexes were also
investigated as inhibitors for the corrosion oftear steel in HCI (1.0 M) at 2% using
various techniques as weight loss, potentiodynapatarization, electrochemical
impedance spectroscopy and scanning electron rompgs The results extracted from
these experimental results revealed that the itiiibiefficiencies of the tested
derivatives was found to depend on their concantratand structures. The inhibition
efficiencies of the synthesized compounds increadsal with raising temperature. At
the same inhibitors concentration, the inhibitidicceencies are slightly increased in the
order:LH > LCIl > LH-Co > LCI-Co. The results derived from all applied techniques

are harmonious with each other.
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Highlights

The divaent cobalt complexes of the two nove 1,3,4-
thiadiazol ethi osemi carbazone have been synthesized.

The structure of the two complexes have been proved to have tetrahedral and
octahedral geometry from their spectral data.

The synthesized ligands and their complexes were investigated as inhibitors for
the corrosion of carbon steel in HCI.

The obtained results revealed that the inhibition efficiencies of the tested
derivatives were found to depend on their concentrations and structures and were

increased with raising temperature.
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