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Abstract

Heterocyclic compound such as 3,5-disulstit pyrazole carbothioamide was synthesized by
cyclocondensation reaction between chalcone derevaind thiosemicarbazide as nucleophile substrate
ethanolic sodium hydroxide solution. The structuocd synthesized compound namely, (E)-5-(4-
(dimethylamino)phenyl)-3-(4-(dimethylamino)styr\&)3-dihydro-1H-pyrazole-1-carbothioamide (DDP) was
confirmed by infrared FT-IR*H NMR and™*C NMR spectra. The inhibitory action was investightising the
gravimetric and electrochemical methods. The ressiitow the strong adsorption of target moleculethen
surface of mild steel. The adsorption of (DDP) males on the steel surface follows the Langmuioggtson
isotherm and the calculated(°.qs) values of the synthesized inhibitor suggested the adsorption of this
compound involves two types of interaction, chempion and physisorption. The polarization curvhewed
that the (DDP) act as mixed type inhibitor. The SEMlysis reveals that the corrosion inhibitionlig to the
formation of a protective film on the metal surfadeFT calculations were performed to illustrate the
relationship between the molecular structure of FpANd their inhibitory properties.
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1. Introduction:

The hydrochloric acid solutions are widely used in saléndustrial processes, such as pickling,
descaling, acid cleaning, oil well acidizing, ett].[Because of their aggressiveness, the use absion
inhibitors is considered as the most effective métfor the protection of many metals against atidc and
reduces the dissolution of metals [2]. The orgaoimpounds are known to be applicable as corrosioibitors
for steel in acidic environments. Heterocyclic campds are organic molecules containing functiomaligs
with heteroatom’s, which considerate as efficiahilitors against metal corrosion in acidic enviramts [3, 4].
These molecules can easily adsorbed on the mefacsuand form a bond between their heteroatomdsthe
metal surface, thereby reducing the corrosion matacidic solutions [5—7]. Pyrazole derivatives dretter
known, and more widely studied by researchers kscaf their many important chemical and biological
properties [8], they have been commonly used iniomea chemistry [9-13]. In addition to these bigical
activities, this family of organic compounds hagagen and sulfur heteroatom in their moleculanditire as
well as pyrazole ring with benzene moieties whiah create the inhibition properties in acidic mediand can
be strongly adsorbed onto the surface [14, 15buimprevious study, we have exploited the inhilyitproperties
of two compounds of pyrazole carbothioamide (DP@& BRCM), which show a high protective action fotdni
steel in 1 M HCI solution [14]. Moreover, only awfestudies using pyrazole carbothioamide derivatiass
corrosion inhibitor can be found. These compounmdscansidered as green corrosion inhibitors becthesg
have lower toxicity with high solubility in acidienvironments compared to other organic compoundliéanm
Also, this type of organic compounds can easilyawmbtwith a good yield and high purity from chalcone
derivatives [14, 16]. The pyrazole entity is offeand in many biologically active molecules [17].18

The aims of the present work is to synthemid examine the inhibitory properties of new pgla
heterocyclic compound containing carbothioamideityeras substituent in their structure for the ceion
inhibition of mild steel in 1 M HCI solution. Effé®f concentration, temperature and immersion tonethe
inhibitory efficiency of pyrazole has been stud®dtematically. Thermodynamic and kinetic paransetegre
calculated to predict the inhibition mechanism.tR@imore, the adsorption of inhibitor on the sweaface was
discussed by using the electrochemical measuremeéhis surface morphology of steel samples withowt a
with (DDP) in the electrolytic solution was obsedv® confirm the presence of the film or the lafj@med by
the adsorption of (DDP) molecules on mild steefae using scanning electron microscopy (SEM). IKinthe
effect of the structural parameters on inhibitofficeency has also been studied using (DFT) cakbores.

The structure of target pyrazole namely;$&4-(dimethylamino)phenyl)-3-(4-(dimethylamintysyl)-2,3-
dihydro-1H-pyrazole-1-carbothioamide (DDP) is giverthe Fig. 1.

2. Materials and methods
2. 1. Reagents and spectral analysis

All chemicals used in this study were supplied $igma-Aldrich and Merck. Melting points were
determined using a Boetius apparatus and are w@uted. The infrared spectra were registered witleraex 70
Bruker spectrometer using potassium bromide disbrigue and the results are expressed in wave numbe
(cm™). The nuclear magnetic resonandd N\MR and**C NMR) spectra were registered on a Varian Gemini
300 BB spectrometer working at 300 MHz fit NMR and 75 MHz forC NMR, using DMSQd6 as the



solvent. Chemical shifts are expresseddif{ppm) using TMS as the internal standard. The betalic
compound was synthesized in accordance with thbadedescribed in the literature [19].
2. 2. Mild steel material

Tests were performed on a freshly prepared sHeRCO6EK mild steel of compositiofwt %) given in
the Table 1. Specimens used in all the experimest® mechanically cut into 20 mm x 15 mm x 2 mm
dimensions, and then abraded with SiC abrasiverp&f®, 400, 600, 800 and 1000 grit respectivebshed in
absolute acetone, dried in room temperature amddsio moisture free desiccators.

2. 3. Inhibitor and solution

Fig. 1 shows molecular structure of the heteracycbmpound used in this study named as, (E)-5-(4-
(dimethylamino)phenyl)-3-(4-(dimethylamino)styr\&)3-dihydro-1H-pyrazole-1-carbothioamide (DDP). The
titted compound was synthesized from the reactidescribed in scheme 1 and 2. The electrolyte swipti
1 M HCI was prepared by dilution of analytical geagir% HCI with bi-distilled water. The solution wased for
all experimental purposes. The concentration rarigarget inhibitor used in this study was®, 5 x 10° M,
10*M and 5 x 10 M, respectively.

2. 4. Weight loss and electrochemical measurements

Weight loss measurements were carried out inisolutf 1 M HCI acid in the absence and the presence
of (DDP) inhibitor on mild steel. Sheets with dinsgans 20 mm x 15 mm x 2 mm were used. They were
polished successively with different grades of gmmaper up 1200 grade. Each run was carried oatgtass
vessel containing 100 ml of the test solution. dacl weight mild steel sample was completely imntkegtean
inclined position in the vessel. After 1 h of imsien in 1 M HCI without and with addition of inhtbr at
different temperatures (30, 40, 50 and 60°C), thexignen was withdrawn, rinsed with distilled wategshed
with acetone, dried and weighed. The weight loss used to calculate the corrosion rafein mg/cnf.h from
the following equation [20]:

:AS_\.A': &)
Wheredw is the average weight loss of three mild steeé&h8 the total area of one steel specimen, tsisdhe
immersion time 1 h. With the calculated corrosi@ter the inhibition efficienc%IE) was calculated as
follows:

%IE="%""Yx100 &)
VO

Where vy, and v are the corrosion rate of the mild steel coupanghe absence and presence of (DDP),

respectively.

Electrochemical experiments were carried out gheas cell consisting of a platinum electrode (G&J a
saturated calomel electrode (SCE) was used asraesoelectrode and a reference electrode, respégctiVhe
mild steel as working electrode with reactive scefarea 1 cmwas used for electrochemical studies. The
potentiodynamic current—potential curves were réedrby changing the electrode potential automdyidadm
-750 mV to -350 mV with a scanning rate of 0.5 mV.$he ac impedance measurements were performed at
corrosion potential§E..;) over a frequency range of 10 kHz—40 mHz, withgnai amplitude perturbation of

10 mV. Nyquist plots were obtained.



2. 5. SEM surface morphology analysis

A JEOL (JSM-7001F) SEM was used to observe theasarfmorphology of the mild steel specimens

with and without (DDP) in 1 M HCI solution after 2dof immersion. Mild steel samples used for SEfae
analysis were cut into 20 mm x 15 mm x 2 mm dimamsi They were abraded with SiC abrasive papers 200
400, 600, 800 and 1000 grit respectively, the spens were immersed for 24 h in the solution of HEI
without and with optimum concentration 5 x“Il@ of (DDP) inhibitor at 30 °C, and washed with &me and

distilled water, dried in warm air.

2. 6. DFT quantum calculations

To investigate the correlation between the mokacstructure of (DDP) and its inhibition properti@s
guantum chemical study has been performed. Geanstrictures and electronic properties of (DDP)apgte
have been calculated by GAUSSIAN 09W software [2Eing the Becke’s three-parameter hybrid density
functional B3LYP method with the standard 6-31G3ikaset [22].

The interaction and binding ene(&y, Eging) between the target inhibitor and the Fe (1 1 &fase was
calculated for the minimum energy configurationhwihe basis set superposition error (BSSE) anduated

using the counterpoise method to eliminate basistfons overlap effects using equation (3) andZ4) 23]:

Elnt = Enh» Fe = (Enh + E:e) (3)

Bsna = —BEm (4)

WhereE,n_re is the total energy of the iron crystal togethé&hwhe adsorbed inhibitor moleculg,,, andEx. are
the total energy of the free inhibitor moleculaddhe iron crystal, respectively.

3. Results and discussions

3. 1. Synthesis of pyrazole carbothioamidéDDP)

The target pyrazole (DDP) was synthesized in tweps The synthetic pathway followed for the
preparation of the title compound was accompliskedhown in Scheme 1 and 2. The key intermediate s
dibenzalacetone (4-DBA) employed in the synthesighe target pyrazole (DDP) was prepared accortting
literature method [24]. Thus, dibenzalacetone (4ApBvas synthesized by th€laisen-Schimidtreaction
between propanone (acetone) and 4-N,N-dimethylapeinpaldehyde using ethanol as solvent in the pcesa
sodium hydroxide as a catalysts. This compound aeaserted to the corresponding pyrazole carbothidam
(DDP) by refluxing with thiosemicarbazide hydroatide in ethanol as solvent. Whereas, the cyclocosatéon
of thiosemicarbazide with dibenzalacetone (4-DBA) raflux conditions yielded (DDP) after has been
neutralized with water ice to give the pyrazole gnod yield. Finally, the synthesized compound was
recristallized from an ethanol/water (4:1) mixtufée purity of the synthesized compounds (4-DBAJ @DDP)
was confirmed by using thin layer chromatographyordbver, the melting point technique was used to
determine the melting points of these compounds Tbmparison of the spectroscopic data of the new
compounds (Scheme 1 and 2) with those of the puslyoreported analogues further confirmed the above
structure. The pyrazole (DDP) prepared was testele following of this work as a corrosion inhdyitof mild

steel in 1 M HCI medium.



3. 1. 1. Synthesis of dibenzalacetone derivative-PBA) using Claisen-Schimidt condensation

(1.5 g, 0.037 mol) of sodium hydroxide (NaOH) wakied to 20 ml of water (@) and 50 ml of ethanol
(EtOH) mixture. (12.38 g, 0.033 mol) ml of 4-N,Natthylaminobenzaldehyde and 2.5 ml of propanone wer
added. After 30 min of occasional stirring at rommperature, the product was filtered and the ye(#-DBA)
was recristallized from ethylacetate (yield (75%p=192 °C).*H NMR (DMSO, 300 MHz (ppm)): 3.04 (s,
12H, 2N(CH),), 6.51-7.70 (m, & H, and 12H, Ar-H).*C NMR (DMSO, 300 MHz¢ (ppm)): 190.32 (G),
122.46 (G), 144.62 (G), 124.96 (G), 130.53-132.0 (£and G), 111.51-112.25 (gand G), 40.24 (Gy).

3. 1. 2. Synthesis of (E)-5-(4-(dimethylamino)pheljy3-(4-(dimethylamino)styryl)-2,3-dihydro-1H-
pyrazole-1-carbothioamide (DDP)

A mixture of dibenzalacetone (4-DBA) (3.20 g, 0/@bl), thiosemicarbazide hydrochloride (1.30 g, Onddl)
and sodium hydroxide (NaOH) (0.50 g, 0.0125 molswafluxed in 50 ml of ethanol for 6-8 hours. The
resultant mixture was concentrated, cooled andgubinto crushed ice. The orange solid mass thuasratgul
out was dried and recrystallized from ethanol ¢ig17%), mp=185 °C) [25-27{H NMR (DMSO, 300 MH#
(ppm)): 3.36 (s, 12H, 2N(Ck),), 6.51-7.04 (dd, 1H, £H, of pyrazole), 6.51-7.04 (dd, 1H€H, of pyrazole),
6.51-7.04 (dd, 1H, &H, of pyrazole), 7.48-8.00 (m, 8H of Ar-H), 11.18 &, NH,). *C NMR (DMSO, 300
MHz,6 (ppm)):152 (G), 63.22 (Q), 177.44 (G), 121-130 (G, Cs), 40.22 (G).

The structure of compound (DDRJas confirmed by their FT-IRH NMR and®*C NMR spectra. The FT-IR
absorptions due to the thione group (C=S) in (DBP)eared at 1071.82 &ngstr) and 658.8 cth[27]. The
amine (-NH) group in (DDP) appeared at 3479.08-3344.21 crespectively. The absorption bands associated
with other functional groups present all appearethe expected regions. Thid NMR spectra of substitued
pyrazolein DMSO-& exhibited a multiplet in the aromatic region a#&8.00 ppm corresponding to the
aromatic hydrogen’s protons (Ar-H). The formatioihtioe pyrazole ring is confirmed by the presencehef
imine (C=N) function at 1574.9 c¢hin FT-IR spectrum of (DDP). Furthermore, the pro(bl,) and proton (i)

of pyrazole ring will appear in the region of 6.8D4 ppm as a multiplet iH NMR spectrum of (DDP). The
signals obtained frotH NMR spectra further confirmed the proposed stmecof pyrazole; the primary amine
function (-NH,) of carbothioamide entity (-CSNMHresonate at 11.18 ppm. It should be noted thatHhiNMR
and °*C NMR spectrums of pyrazole showed a charactersitjoal at 3.36 ppm and 40.22 ppm respectively,
matched the six protons of methyl group of the stuent dimethylamino (-N(CkJ,). Finally, the presence of
thione group (G=S) is confirmed by the presence of a signal at44ppm in thé*C NMR spectrum according
to the literature [28].

3. 2. Effect of DDP concentration on mild steel coosion in 1 M HCI

Studying of the corrosion behavior of mild steetliM HCI at 30 °C is represented in Fig. 2. Asvgho
from this figure, by increasing the concentratidrihis derivative, the corrosion rafe..,) of mild steel in 1 M
HCI was decreased. This means that the presen@Ddf) retards the corrosion of mild steel in 1 MIHC in
other words, this heterocyclic derivative act dshitor.

The values of inhibition efficiency of investigdténhibitor are given in Table 2. From this tableda
Fig. 2, we can observe, that the inhibition efficig increaseg%IE) with increasing the concentration of
pyrazole. The maximur(®IE) of 96.60% was achieved at (5 x“I) at 30 °C. The results indicate that (DDP)



is more efficient in the 1 M HCI solution. The higthibitive performance of this type of heterocgatiompound
suggests a higher bonding of pyrazole ring to tindase, which posse’s higher number of lone paiosnf
heteroatom’s (S and N) ant)(orbitals [29-31].

3. 3. Effect of temperature on inhibition efficieng of (DDP)

The influence of temperature on inhibition effisdy evolution was studied by weight loss measurésnen
at 30, 40, 50, and 60 °C containing different comiaions of (DDP) pyrazoléTable 3). Fig. 3 shows the
variation of inhibition efficiency with temperatur€his indicates that inhibition efficiend$olE) increases with
inhibitor concentration but decreases with tempeeatWhich can be attributed to that the higherperatures

might cause desorption of inhibitor molecules fribva steel surface [32].

The values of inhibition efficiency obtained frahe weight loss for different temperatures in 1 \ZIH
are given in Table 3. The results show that the imam (%IE) was about (96.60%, 5 x 1av) and
(96.30%, 5 x 10M) at 30 °C and 60 °C, respectively, which indicateat (DDP) was a good inhibitor in 1 M
HCI at this concentration 5 x TV [33, 34]. Also, a decrease in inhibition efficinvalues with rise in
temperature may be due to the physically adsorgiimn energy bonds) of inhibitor molecules on thetah
surface under study [35].

The relationship between the corrosion i@tg,) of mild steel in acidic media and absolute tempeea

(T) is often expressed by the Arrhenius equation [35]:

Ea
Inv=In A-—
RT )

Where v, is the corrosion ratelr, is the apparent activation enerdy,is the molar gas constant (8.314
J/IK.mol), T is the absolute temperature, ahd the frequency factor. The plotsin{ve.) against(1/T) for mild
steel corrosion in 1 M HCI in the absence and presef different concentrations of (DDP) are giverrig. 4.
Apparent activation energy values in the absenad pmesence of (DDP) at different temperatures were

calculated fromn(voy) vs. (1/T)plots are given in Table 4.

The data in Table 4 show that all the linear rssjan coefficient§R?) are very near to 1, which illustrate
that the linear relationship betweknfv.,;) and the inverse of the absolute temperaflf€ ) is good. Also, the
value of(E,) in the presence of (DDP) is higher than that exdhinhibited 1 M HCI solution. It can be observed
that the activation energy parameters for corrogiatess increases from 54.84 kJ/mol to 80.41 KJimthe
absence and the presence of (DDP), respectivelg. rEBult shows that the addition of inhibitor sfgantly
reduced the dissolution of metal in the hydroclkl@tid media [36]. According to the literature thigher (E,)
in presence of inhibitor for mild steel in compariswith blank solution is due to the electrostatieractions
(physisorption process) of molecules at electraaiéase. In addition, the low value of the activatienergy
(60.21 kJ/mol) at the optimum concentration (5 ¥ M) results in the stability of the formed complévetal-
DDP) at the interface metal/solution [37, 38].



3. 4. Effect of immersion time on surface activityf (DDP)

Effect of immersion time for 30 to 1440 minute iahibition efficiency of (DDP, 5 x 16M) on the
corrosion of mild steel in 1M HCI at 30 °C was saedusing weight loss measurements. Table 5 shbess t
variation of corrosion rates and inhibition effiety (%IE) with time in the absence and presence of (DDP)
inhibitor. The Table 5 illustrates that the corowsrate of mild steel is greatly decreased with @rgion time in
the presence of (DDP) inhibitor, the corrosioreat,) value was about (0.03046 mgfcmat 30 min) and
decreased towards (0.00840 mgfdmand 0.00980 mg/chi) at (480 min and 1440 min), respectively. This
phenomenon may be associated to the progressiveptids of (DDP) molecules on the steel surfaceilevim
the absence of (DDP) inhibitor the corrosion &tenild steel was slightly decreased with immersdiiome from
(0.56 mg/crm.h at 30 min)to (0.42 mg/crhh and 0.52 mg/cfh) at (480 min and 1440 min), respectively. This
behavior may be due to the formation of a passiwedf corrosion product Fe(ORpn the steel surface, which
decreases the corrosion rate of the steel. Howeher,film formed by Fe(OH) molecules can easily be
dissolved in the hydrochloric acid solution [36]s8, results in Table 5 show that the effect of ension time
on inhibition efficiency of (DDP) at 30 °C. In th@esence of inhibitor, increasing time resultednicreasing
(%IE) in 30—1440 min and attains a maximal value 98%raftt40 min. In general, the inhibition efficienisy
slightly changed with time immersion time. This eals that the adsorptive organic layer of (DDP)obaes

very compact and uniform at longer immersion ti/3@, [40].

3. 5. Thermodynamic parameters

It should be noted that the protection of metaaimst corrosion by using of organic compounds is
explained by their adsorption on the metal surfa¢e latter is well known in three forms: physiealsorption,
chemisorptions or mixed adsorption (physisorptiathwehemisorptions) [41]. The adsorption phenomeocan
be implemented by studying the adsorption isotherms

In order to study the variation of the adsorbecam with the inhibitor concentration, assuming the
increase of the inhibition is attributable to tlisarption of (DDP) on the mild steel surface andysbLangmuir
adsorption isotherm mode, according to the follanéguation [42]:
Far ®

WhereC; is the concentration of inhibitoK,4s the adsorptive equilibrium constant ahds the surface coverage

calculated as follows [43]:
Vo-V 7)
Vo

8=

Wherev, andv the corrosion rate in the absence and presen@Di®), respectively.

The linear regressions parameters betwi&f) and(C) are given in Table 6. Straight lines (/) vs
(G) at different temperatures 30, 40, 50 and 60 °Cilargtrated in Fig. 5 and Fig. 6. It is clear ttadk linear
correlation coefficient$R?) and slopes values are equal to (1), which indicttat the adsorption of (DDP) on
mild steel surface is perfectly follows Langmuirsagption isotherm at all used temperatures [44-4TE

adsorptive equilibrium consta(i,q¢ values are calculated from the reciprocal of titercept of(C/6) as(C).

It is related to the standard free energy of adimnid & .4) as shown the following equation [48]:



1 AGY
Kads= ——exp —24 8
“ 7555 p[ RT J (®)

WhereR is the gas constant (8.314 J/K.modl),the absolute temperatut€,ys the value55.5 is the molar
concentration of water in solution [44]. The valuK,q and4 &° 2z of (DDP) at 30, 40, 50 and 60 °C are
listed in Table 6.

The negative values ¢f16°.4«) confirmed that the adsorption of (DDP) moleculesbeel surface is a
spontaneous process. Generally, valueg4af°,») up to -20 kJ/mol are consistent with the electtista
interaction between the charged molecules and baged metal (physical adsorption) while those more
negative than -40 kJ/mol involve sharing or transi€ electrons from the inhibitor molecules to timetal
surface to form a coordinate type of bond (chempison) [49-52]. In the present work, the parametefs
(46° 2z) are around —43.00, -43.55, -44.65 and -43.74 kJforg{DDP) at 30, 40, 50 and 60 °C, respectively.
The results suggested that the adsorption of hgtelio pyrazole on surface involves the chemicalaagtion
process. Indeed, the corrosion inhibition of mildes in 1 M HCI in the presence of target pyrazslenainly
attributed to physical adsorption; this findingjusstified by the slight decrease in inhibition effincy (%IE)
with increasing temperature. Table 6, also shows (iK.q9 of (DDP) is higher than that of other molecules
(DPC and DPCM) of the same family, which confirntedt (DDP) is strongly adsorbed on steel surfagteun
study [53, 54]. The presence of heteroatom’s, agaipl system witha) band, pyrazole ring as well as the
aromatic substituants in (DDP) structure promotes gharing of electron (charge transfer) betweéibitor
molecules and the vacant iron (d) orbital to esshbtoordinate type bonds (chemisorption). Thetedstatic
interactions (physisoprtion) can take place betwéencharged (DDP) molecul¢®DP-H)* and the chloride
ions (Cl ) adsorbed at the interface of the electrode intetf&rom these results, the adsorption process of

(DDP) on the surface can be presented as follovgs .

3. 6. Potenciodynamic polarization curves

Fig. 8 shows the potentiodynamic poltion curves for MS in 1 M HCI at different concextions of
(DDP) at 30 °C. The addition of (DDP) inhibitorttee 1 M HCI solution leads to a decrease in theoston rate
and change dramatically the anodic and cathodigesuto lower values of current densities. Thisdaths that
the both cathodic and anodic reactions of MS ebeleticorrosion were affected by the presence of (ODDPICI

solution.

Electrochemical parameters of the kinetics cormgmcess were calculated from extrapolation of the
linear Tafel lines to the corrosion potential ahd tesults are given in Table 7. The inhibitiorioééhcy (%IE)

was defined as:

I, -1

%IE =

x100 )

0
Where |, and | represent corrosion current density values withand with (DDP) inhibitor, respectively,

determined by extrapolation of Tafel lines to tleerosion potential.



Table 7 shows that an increase in (DDP) conceatras resulted in increased inhibition efficienoyreach a
maximum value of 95.50% at 5 x 4®1. The results in Table 7 reveal that, increasihgDDP) concentration
leads to the change in potent{&l,,) values toward more positive potential and the eslof corrosion current
density decreased indicating the surface activitthis type of pyrazole. In addition, we can seat tihe shift in
corrosion potential is around (52.3, 58.9, 89.3d 415.2 mV) for (16, 5 x 10°, 10* and 5 x 1d M),
respectively. Indeed, some authors reported treastiift in(E...) is higher than 85 mV compared to the blank
solution, indicating that the inhibitor is regardeslia cathodic or anodic type inhibitor, while theplacement is
lower than 85 mV, the inhibitor is considered asiged type. In this study we can observe that thieas of
shift in (Ecorr) at (10% and 5 x 13 M) are higher than 85 mV, but at the concentratib(l0° and 5 x 16 M) the
values of shift in(Eco;) are lower than 85 mV, which mean that the (DDR) cansidered as a mixed type
inhibitor with predominant anodic effectiveness][5bhe values of both anodic and cathodic Tafepstoare
slightly changed with the (DDP) inhibitor additiomdicating that the inhibitors retarded the milthed
dissolution by simple blocking the anodic and cdibosites of the corrosion reaction on the steefase,
without changing the mechanism of corrosion proge8k

The corrosion of mild steel in HCI solution can firesented as follows [57, 58]: The anodic dissmfut

reaction of iron in the presence of chloride anihydrochloric acid solution.

Fe + CI” —— (Fecr)ads (10)
(FeCl™)ags ——— (FeCl)qs + €~ (11)
(FeCl)ggs — (FeCl*) + ¢~ (12)

(13)

FeCl* ———» Fe2t 4 CI”

On the other hand, the cathodesadolution can be represented as:

Fe + H'— 3 (FeH"), (14)
(FeH+)ads + ¢ ——» (FeH),qs (15)
(FeH) s+ HY+ € —— Fe + H, (16)

It is generally accepted that the mechanism of gudiem process involves the replacement of watdemdes

adsorbed at the surface of the metal.

]l’lh(sol) + nH20 <—>Il’lh(ads) + nHZO(SOI) (17)

Where (n) is the size ratio, that is, the number of watedemales replaced by one organic inhibitor. The
inhibitor molecules may then combine with freshigngrated F& to forming metal—inhibitor complexes,
according to Equation (18). Therefore, it is pokestb suggest that the presence of Chloride((bﬁ) on the steel

surface can facilitate the adsorption of the pesitiomplex through to the electrostatic interactifs9].
Fe?"+ Inh E— IFe—InhIZJr
e+ Inhgs) ads (18)

3. 7. Electrochemical impedance spectroscopy (EIS)

The Nyquist and Bode Modulus plots for MS in 1 M IHE 30 °C in the absence and presence of
various concentrations of pyrazole inhibitor areegi in Fig. 9 and Fig. 10, respectively. These mdiats were
obtained after 1 h of immersion in 1 M HCl at 30 °C



The impedance spectra in the Fig. 9 are presergtegmicircle with diameter increases with thedase
of (DDP) concentration. This indicates that therasion process of mild steel in 1 M HCI is contedllby the
charge transfer phenomenon and the addition of ({DRlectrolytic solution does not change the naeidm
of MS corrosion in the acid solution [60]. Alsogtbbtained impedance plots are not perfect sert@singhich
are due to the frequency dispersion as a resuhieoheterogeneity of MS surface. Furthermore, dégr, from
Fig. 9 that the adsorptions of (DDP) on the elat#rgurface increase the impedance response of MS in
comparison with the uninhibited HCI solution [61The Fig. 10 illustrates the Bode modulus plot,
we can see an increase of the impedance valuesvédtdquencies and that the shape of the curveinsnthe
same without and with the addition of (DDP) to tloerosive solution. This result confirms the evintof the
protective film adsorbed on the steel surface lith increase in the concentration of (DDP) inhibii®2].
Electrochemical impedances spectra of MS in 1 M &f€lsimulated by the equivalent circuit diagraespnted
in the Fig. 11.

The electrochemical impedances parameters ofjehaansfer resistand®), double layer capacitance
(Cq) and inhibition efficiency%IE) are given in Table 8. Th@sIE) is calculated by charge transfer resistance

obtained from Nyquist plots, according to the etuma(19) [63].
R inhy - R
X

«(inh)

%IE = 100 (19)

WhereR;andRnn are the charge transfer resistance values witnodivith (DDP), respectively.

Table. 8 shows that, charge transfer resistafitg increases with the increasing of (DDP)
concentration in the HCI environment. On the othand, the decreasing values(€f;) with the addition of
(DDP) compared to that in absence of the inhihibary be attributed to a lower local dielectric canst which
due the gradual replacement of water moleculesiéyatisorption of the (DDP) molecules at electroderface
and the formation of organic layer increasing tiiekness of the electrical double layer and redticesurface
of mild steel exposed to acidic solution accordim¢ielmholtz equation (20) [64].

E°ES
Ca =
d

WhereSelectrode surface? permittivity of air,e local dielectric constant artffilm thickness

(20)

The Inhibition Efficiency%IE) increases with the concentration of (DDP) to reac®5.30 % (5 x 1D
M) which confirm the effectiveness of this typepfrazole derivative containing the carbothioamideSNH,)
entity in their structure [17]. Also, the phaseftsfi) values are given in Table 8. Decreasgmfvalues by the
increase of inhibitor concentration compared touhahibited solution can be attributed to the @ase of the

surface inhomogeneity as a result of the (DDP) mdés adsorption [33].

3. 7. Scanning electron microscopy (SEM)

The surface morphology of mild steel in 1 M HCI kviand without (DDP) inhibitor was studied by
scanning electron microscopy in order to confirmtttihe corrosion inhibition of MS is due to therf@tion of
an organic layer of (DDP) molecules. Fig. 12 shdlkes SEM photos of MS surface in 1 M HCI solutioteaf
immersion for 24 h in absence and presence of %M. of (DDP) compound. It can be observed from

Fig. 12 (A) a uniform surface along with the preseinf some cracks and small black holes, which beague
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to the defect of steel. The Fig. 12 (B) of the M8face after immersion in uninhibited 1 M HCI shows
aggressive attack of the corroding medium on tleelssurface. On the other hand the presence of DDP
inhibitor in 1 M HCI solution leads to the formati@f an organic layer on the surface of steel asvahn Fig.
12 (C). Consequently, the inhibition action of thipe of molecule may be related to the formatiba gtable
film at the interface MS/HCI, with prevents the aggpive attack of the medium on the surface osteel under

study.

4. Quantum Chemical studies
4. 1. DFT calculation

The corrosion inhibition by means of origatompounds depend a several factors, includiegstructural
parameters, such as stereochemistry of the molebeelectronic density, frontier molecular orlstand others
witch play a decisive role on the mechanism of @sion inhibition [65, 66]. In general, the organiolecules,
especially the heterocyclic compounds containingaaticular function groups, heteroatom’s and ardenat
systems in their structure have high ability to @etcorrosion inhibitors. In order to find a redathip between
the inhibition efficiency and structural properties(DDP), some quantum parameters such as dipolaent
(), total energy(Eyy), highest occupied molecular orbit&omo), lowest unoccupied molecular orbit&, yvo)
energies,(ELumo—EHomo) energy gap(AE =E, ymo—EHomo) and molecular voluméV) were calculated using
B3LYP/6-31G* method. The optimized structure, (HOMQJMO) electronic distribution and data quantum’s

are given in the Fig. 13 and Table 9, respectively.

It is clear from this Fig. 13 that the MO and LUMO orbital's of (DDP) gives rise to intetans
between the inhibitor and metal surface. This #gehows that the electronic density is concentratedhe
heteroatom’s of pyrazole ring and on the conjuggttem of (DDP), which shows that these sites laeebest
centers for the donor-acceptor process betweeinlitgtor and (d) orbital of iron under study [67]he analysis
of data in Table 9 shows that the calculagdwo, ELumo and4E energies are -5.08 eV, -1.94 eV and 3.14 eV,
respectively. According to the FMO (frontier moléuorbital theory), less negatiig om0 €nergy and the
smaller energy gafE =E, ymo—EHomo) implies the tendency of the inhibitor moleculesst@are one or more
electrons to the vacant (d) orbital of the ironnago[68]. Consequently, these results indicate (Pd2P)
molecules can easily transfer electrons to thennta@ orbitals of the iron surface. In other warttee (DDP)
molecules have been strongly adsorbed on the ste&ce involving the electron sharing to achieettdy
corrosion inhibition activity compared to other ér@icyclic compounds [14, 33, 60]. Also, increasiuadues of
dipole momen{u=9.72D) and molecular volum@&/=340.57cnt/mol) may facilitate adsorption by influencing
the transport process through the adsorbed layer,paomote the electrostatic interaction between ritetal
charge and the charged molecules of this compo68il [These results show the performance of (DDP)
compared to (DPC, DPCM) molecules of the same jeaamily [14].

4. 2. Fukui indice analysis

The fukui indices given in Table 10 halveen calculated in order to give further insightoirthe
experimental study and to predict the best adsmsites for nucleophilic and electrophilic exchandj70]. The
data in Table 10 shows that the highest value$ 0ffor nucleophilic attack are on N4, S7 and C19 whiile

highest value offf) is on S7, which indicate that these positions taee preferred site for the adsorption of
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(DDP) inhibitor on metal surface through donor-gatoe process (Fig. 14). The results obtained argood

agreement with the optimized structure, HOMO andVIQU electronic distribution cited in the Fig. 13,sth
allows us to calculate the interaction and bindiéngrgy for the best disposition of the (DDP) molean the

iron surface as shown in flowing figure (Fig. 1#he calculated interaction and binding energy \ake listed
in Table 11.

The calculated interaction energy valeésthe (DDP-Fe) system in vacuum and HCI solutior a
respectively; -21.11 and -27.01 kcal/mol. The highed negative value of interaction energy is duthé strong
adsorption of (DDP) molecule on iron surface [7Also, the higher positive value of binding energy farget
inhibitor (27.01 kcal/mol) suggests that the prttecorganic film formed by the adsorption of (DD&)the
interface Metal/HCI is stable and adherent to thil attack. These results confirmed the complenmgnta
between experimental data and theoretical quant@thads, which have proved that this type of molesul
family can be a good corrosion inhibitor of staeHCI medium [72].

5. Conclusion

A novel pyrazole heterocyclic derivative may, (E)-5-(4-(dimethylamino)phenyl)-3-(4-
(dimethylamino)styryl)-2,3-dihydro-1H-pyrazole-1rbathioamide (DDP) was synthesized by
cyclocondensation reaction of the correspondingemiialcetone (4-DBA) and thiosemicarbazide in sodium
hydroxide solution and ethanol solvent. The strestof this compound was determined by FT*HRNMR and
3C NMR spectra. The compound was tested as inhiltocorrosion of mild steel in 1 M HCl medium. Fno

the results of different methods used in this stugg/can draw the following conclusions:

1- (DDP) acts as a good inhibitor for the corrosa@nMS in 1 M HCI. The(%IE) values increase with the
inhibitor concentration to attain 96.60% at 5 X*M0. While slightly decrease with the temperature.

2- The adsorption of (DDP) on MS surface obeys lpamig adsorption isotherm. The adsorption process is
spontaneous and the decreas@gfy with temperature accompanied by a decrease initrdntefficiency.

3- The kinetic(E;) and thermodynami¢l6°..) parameters indicates that the adsorption of pyeaaa MS
surface involves both physical adsorption and chaha@dsorption.

4- (DDP) pyrazole acts as a mixed type inhibitorlifM HCI, and SEM analysis shows that the inhilpitio
mechanism of target inhibitor is due to the formatof organic layer, which effectively protectsedttrom HCI
attack.

5- Optimized molecular structures obtained by quenthemical calculations illustrate that the (DDR)y be
adsorbed on the steel surface involving donor-gocemteractions between the-electrons, N and S
heteroatom’s (pyrazole ring) and the vacant (d)taibof iron atoms. Also, the results show a gootrelation
of dipole moment of (DDP) and it inhibition actiyit

6- Interaction energy and binding energy showstiai{DDP) is strongly adsorbed into the iron stefa
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Table 1. Chemical compositigat %) of mild steel DCO6EK.

Element C Si Mn P Al Ti Ni Fe

wt % 0.0004  0.007 0.190 0.0008 0.069-0.08  0.17 0.0089 larBe

Table 2. Calculated values of corrosion ratg.f and inhibition efficiency (%IE) for mild steel qosion in

1 M HClI in the absence and presence of (DDP) &C30

Inhibitor Conc. (mol/l) Veorr (Mg/cnt.h) %IE
Blank 0.50
10° 0.074 85.20
bDP 5x 10° 0.036 92.80
10° 0.030 94.00
5x 10* 0.017 96.60

Table 3. Calculated values of corrosion ratgJ and inhibition efficiency (%IE) for mild steel mosion in 1 M
HCI in the absence and presence of (DDP) at 306@,060 °C.

Concentration Veorr (Mg/cnt.h) Inhibition efficiency (%IE)
Mol 30°C 40 °C 50 °C 60°C 30°C 40 °C 50 °C 60 °C
Blank 0.5 0.70 1.50 3.50
10° 0.074 0.100 0.350 1.010 85.20 85.71 76.66 71.14
DDP 5x 10° 0.036 0.068 0.180 0.653 92.80 90.28 88.00 81.34
10" 0.030 0.051 0.120 0.380 94.00 92.71 92.00 89.14

5x 10" 0.017 0.026 0.081 0.130 96.60 96.30 94.60 96.30

Table 4. Activation parameters of the dissolutidnnold steel in 1M HCI in the absence and preseate

different concentrations of (DDP).

Inhibitor Concentration (mol/l) A R? E. (kd/mol)
Blank 1.23 x 168 0.9841 54.84
10° 6.00 x 16" 0.9755 75.50
5 2
DDP 5x 10 2.22x10 0.9883 80.41
10* 3.62 x 168° 0.9854 70.50

5 x 10 3.75 x 16 0.9820 60.21




Table 5. Affect of immersion time on corrosion ratemild steel in 1 M HCI in the absence and preseof
(DDP, 5 x 10*M) at T=30 °C.

Immersion Veorr (Mg/cnt.h) veorr (Mg/cnt.h) Inhibition
time (min) Blank DDP (5 x 10 M) Efficiency (%IE)
30 0.56 0.03046 94.56
60 0.5 0.01740 96.52
120 0.38 0.02166 94.30
240 0.37 0.01200 96.76
360 0.40 0.00960 97.60
480 0.42 0.00840 98.00

1440 0.52 0.00980 98.11

Table 6. Thermodynamic parameters of the adsormfoDDP) on mild steel surface in 1 M HCI 30, &0,
and 60 °C.

Inhibitor T (°C) R? Slope Kds AGyqs(kJ/mol)
30 0.9999 1.030 4.60 x 10 -43.00
DDP 40 0.9999 1.034 3.35 x10 -43.55
50 0.9999 1.053 3.00 x10 -44.65

60 0.9990 1.026 1.31x10 -43.74




Table 7. Potentiodynamic polarization parameterstfe corrosion of MS in 1 M HCI without and witlffdrent
concentrations of (DDP) at 30 °C.

DDP Ecorr I corr Ba 'Bc %IE
(mol /1) (mV vs. SCE) (uA /cm?) (mV/dec) (mV/dec)

Blank -583.3 290 73.1 95.6

10° -531.0 39.4 71.6 149.5 86.41
5x 10° -524.4 30.0 52.7 121.3 89.65

10* -494.0 26.5 68.2 219.3 90.86
5x 10 -468.1 13.1 71.0 137.5 95.50

Table 8. Impedance parameters and inhibition efficy for the corrosion of mild steel in 1 M HCI tvidifferent
concentrations of (DDP) at 30 °C.

Conc. R (Q. cn?) n Cal (UF/cn) %IE
Blank 4211 0.89 755.80
10° 347.60 0.84 81.48 87.88
5x 10° 571.70 0.78 69.60 92.63
10* 776.30 0.86 64.74 94.60
5 x 10* 893.40 0.85 126.8 95.30

Table 9. Calculated quantum chemical parametef®DP) pyrazole derivative.

Inh H (D) Erot (Har) Enowmo (eV) Bumo (eV) AE (eV) V (cni/mol)

DDP 9.72 -1526.83 -5.08 -1.94 3.14 340.57




Table 10. The Fukui indices (DDP) pyrazole estadaising POP=NPA analysis.

Atom k fio fi Atom k fi" fi
C1l -0.01254 -0.00414 C15 0.00261 -0.00057
Cc 2 0.00644 -0.00776 N 16 0.00977 0.08172
N 3 -0.00491 0.05164 C17 -0.00353 -0.01286
N 4 0.11707 0.02524 Cc18 -0.00296 -0.01239
C5 0.06665 0.01542 c19 0.14144 0.02520
C6 0.01070 -0.02174 C 20 -0.02612 0.02981
S 7 0.12452 0.16483 c21 0.03801 0.01517
N 8 0.02312 0.02042 C 22 0.00970 0.02845
(OF°] 0.06110 0.03695 C 23 0.07868 0.02368
c10 -0.02739 0.03681 C24 0.00371 0.02494
c11 -0.00734 -0.00361 C25 0.06416 0.01205
c12 0.00503 0.02657 N 26 0.02993 0.07652
Cc13 0.01589 0.00956 C27 -0.00836 -0.01252
cl14 0.00963 0.03630 C 28 -0.00839 -0.01262

Table 11. Interaction and binding energy valueqfidP) using DFT//B3LYP/6-31G* calculations

Systems Interaction energy (kcal/mol) Binding eneryg (kcal/mol)
Fe-DDP/Vacuum -21.11 21.11
Fe-DDP/HCI solution -27.01 27.01
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Fig. 2. Relationship of corrosion rated;) and inhibition efficiency (%IE) with concentrati@f (DDP) in
1 M HClat 30 °C.

| 2 4 : 8 10

o] I ' ' T T T T T 10
96 A
94 4 _— |

924 ] _

w

= 90 °

g 88

5 46

D 86

£ 8]

2 82

s v [

= 80

2

= 78

=
76 -
& ~®—-40<T

& 50 C

: —v—60C
70 : |

T T T T T T
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005
Conc. (mol/l)
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Fig. 4. Arrhenius plot for mild steel corrosionlirM HCI in the absence and presence of differententrations

of (DDP).
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Fig. 5. Langmuir isotherm adsorption modes of (DBR}he MS surface in 1 M HCI at 30 °C and 40 °C.
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Fig. 6. Langmuir isotherm adsorption modes of (DBR}he MS surface in 1 M HCI at 50 °C and 60 °C.
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Fig. 12. SEM analysis of MS surface: (A) before iemsion; (B) after 24 h of immersion in 1 M HCI & 3C;
(C) after 24 h of immersion in 1 M HCI + 5 x"4® (DDP) at 30 °C.



Fig. 13. The optimized structure, HOMO and LUMOo#tenic distribution of (DDP) pyrazole obtainedrito
B3LYP/6-31G* method



Fig. 14. The most stable configuration for adsamptf (DDP) pyrazole on the steel surface



- A new pyrazole (DDP) was synthesized and studied as corrosion inhibitor.
- Adsorption of DDP inhibitor follows a Langmuir isotherm.
- The formed organic film was examined by SEM analysis

- DFT calculations are in good agreement with experimental results



