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Abstract

In this study, we chose to synthesize nswgar based glucose derivatives as ecological
corrosion inhibitors for carbon steel in acidic nugd. The products obtained in the form of
syrupy liquids, and the purity of obtained compaandas characterized bWMR
spectroscopy analysis. The corrosion inhibitionvéies for both compounds were evaluated
by electrochemical and rheological methods. Thus,résults of the experimental tests have
been confirmed by theoretical studi&~T, MC andMD simulations). The surface study of
carbon steel has been characterized by the scaretéctron spectroscopySEM. The
gravimetric solutions were identified using UV-V&pectroscopy and Inductively Coupled

Plasma-Optical SpectroscodZP-OES.

Keywords. Synthesis; Rheological methods; Eco friendly caaws inhibitors;

Electrochemical techniques; SEM; MD simulations.




1. Introduction

The assessment of corrosion of steel and the peggenof the solutions has been a question
of great interest in most of the metal industriakcters [1]. Therefore, improving the
mechanical properties of these metals is of grgatest in a wide range of disciplines. For a
long time, researchers presenting solutions fa& timwanted phenomenon, among the most
cost-effective proposals presented are the protedtom the organic or inorganic chemical
inhibitors. In addition, the chemical inhibitorseavery profitable for the corrosion inhibition
of steel, especially in acidic media, like hydramid acid and sulfuric acid medium [2-10].
By way of example, we have found heterocyclic iitbits which are effective in inhibiting
corrosion of steel in an acid medium, such 8&hlydroxyquinolineand its derivatives,
benzimidazolalerivatives,quinoxaline derivatives [11-13]. However, the problem of these
heterocycles presents a little signs of both toxi¢or the environment [14]. Also, the
application of synthetic compounds as corrosiorbitdrs is limited because of the increasing
ecological awareness and strict environmental egiguis as most of the traditional corrosion
inhibitors are synthesized using expensive andctokemicals and solvents. In view of this,
recently, Glucose and their derivatives are beiagduas corrosion inhibitors as they are
available at the economic and commercial level .[Bgcause of the natural and biological
origin, they can be regarded as one of the gresoestes of the chemical compounds used as
corrosion inhibitors. More so, the presence of ewgus polar functional groups such as —OH
further enhance their corrosion inhibition effeetiess by increasing their molecular size as
well as increase solubility in the polar electrebit These polar functional groups can also
serve as adsorption centers during the meta-imhiioteractions. Looking the greenness of
glucose and their derivatives along with their higiotection efficiency, the synthesis,
characterization and utilization in all fields @ience and technology, including in the area of

metallic corrosion inhibition should be further éoqed [16]. The ecological inhibitors have
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been the subject of many published studies forostn inhibition in acidic medium. In
addition, the ecological inhibitors have two magmvantages, the first effective corrosion
inhibition and the second do not affect the enviment [17]. The ecological inhibitors are of
natural in origin, such as oils and seeds of medigplants, or of synthetic origin, such as
glucose mannoseandfructose[18,19]. However, the advantage of sugar-basedpooimds
remains the best ecological inhibitors because tthegradations in the media always give
basic molecules, which is the simple sugdu¢ose mannoseor fructosg. According to the
literature, glucose and its derivatives are noictd® nature and living beings. In addition,
glucose is widely used in the hospitals field agotential drug, especially in the form of
syrup. In addition, glucose is used to preventdhestallization of sugar, nougatine, boiled
sweets, soft caramels, fruit pastes, gums and mmaighws [20,21].

In this work, we focused on the synthesis and prtesien of newly synthesized glucose
derivatives as ecological inhibitors of carbon kteemolar hydrochloric acid. The study of
corrosion inhibiting power is approved using thealogical methods and electrochemical
methods (impedance spectroscopy and potentiodyngiarization). The experimental
results have been confirmed by theoretical stu@akkulateDFT, MC andMD simulations).
The surface study of the carbon steel after theosmmn was characterized by the scanning
electron spectroscopySEM. The gravimetric solutions were analyzed usioy-Vis

spectroscopy and Inductively Coupled Plasma-OpS8gaictroscopyiCP-OES.

2. Material and methods

2.1. Chemical study

All instruments, reagents, and the used solventhferpreparation of these compounds have
been published in a previous work [22]. The NMRct@ewere carried out on a BRUKER

AM 300 spectrometer operating in Fourier transfainhe frequency of 300.13 MHz f&H
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NMR and 75.47 MHz for*C NMR. The associated calculator is an Aspect 3@§ifig the

BRUKER 1986 software (DI6R 861). The compound ssdived in a proportion of 40 to 100
mg in 0.2 to 0.5 ml of deuterated solvent (DMSOgtramethylsilane (TMS) is used as a
fictitious reference, different control tubes usedegularly calibrate the apparatus by fixing

the SR (Spectrum Reference).

The synthesis of glucose-derived inhibitors wasgpered under specific conditions in five steps

(Figurel).
OH
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Figure 1. Synthesis of 5,6-anhydro-3-O-dodecyl-1,2-O-ispglideneea-D-glucofuranose G-
C12) and 5,6-anhydro-3-O-hexadecyl-1,2-O-isopropylaeD-glucofuranose®-Cg)

General procedure for organic synthesis

To a solution of tosylated substratésa( b) (220 g L) in the dioxane-watemixture (9: 1)
were added 2.4 equivalent sbdium hydroxideThe reaction mixture is stirred for 1 h at
room temperature antLC monitors the reaction. After filtration, the reactimediums are
neutralized with a saturated aqueous solution ghanmum chloride and extracted twice with

toluene. The combined organic phases are dried séate of anhydrous sodium, filtered
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and the filtrate is evaporated under reduced pres3ine reaction crude is chromatographed
on a column of silica gel (eluent gradient: hexanetone) to give the compoun@sCs and
G-Cy, in the form of syrupy liquids, whose structure ity were later confirmed byC
and*H NMRspectroscopic analyzes.
2.2. Electrochemical and rheological test
The corrosion inhibition effect of th8-Cs andG-C;, on carbon steel corrosion in 1.0 M HCI
first of all demonstrated using electrochemical ods. The electrochemical studies were
carried out using conventional three electrode esysin which platinum rod, saturated
calomel and carbon steel specimen are used asndecoreference and working electrodes,
respectively. The electrochemical impedance speotuc (EIS) studies were carried out at
OCP (Open Circuit Potential) in the frequency ran§d00 KHz-100 mHz, with 10 points
per decade. The EIS data were fitted in a suitageivalent circuit to get values of
polarization resistance gR
Potentiodynamic polarization (PDP) studies on tbeasion of carbon steel in 1.0 M HCI
with and withoutG-Cgs andG-C,, were carried out by recording the anodic and cathodfel
curves in the potential range of -800 mV to -200 mNh respect to the potential of SCE
(saturated calomel electrode) with a scan rate®fro/ s™.
The inhibition efficiencies were calculated usimijdwing equations (1,2): respectively, for
the potentiodynamic polarization and electrochemmaedance spectroscopy technigues.

i -

o =122 522100 @

corr

i.andi’ are the corrosion current density with and withixvet addition of inhibitors®-Cs

corr corr

andG-Cyy).

R- Fgxloo
R

p
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R,and Rﬁ’ are the polarization resistance with and withowat alaldition of inhibitors G-Cg

andG-Cyy).

The material used in this study was a carbon stéhl a chemical composition (in
wt%) of C, 0.11; Si, 0.24; Mn, 0.47; Cr, 0.12; M2p2; Ni, 0.1; Al, 0.03; Cu, 0.14; Co, <
0.012; V, < 0.003; W, 0.06; Fe, balance. The ssashples were pre-treated prior to the
experiments by grinding with emery paper SiC (410, 600 and 1200); rinsed with distilled
water, degreased in acetone in an ultrasonic lmathersion for 5 min, washed again with
bidistilled water and then dried at room tempemtoefore use. The acid solutions (1.0 M
HCI) were prepared by dilution of an analyticalgeat grade 37 % HCI with double distilled
water. The concentration range fCs and G-C;, employed in this study was fav to
10° M.

The rheological study has been detailed in anetiek that is already published [23].

2.3. Surface characterization

The surface morphology was studied using an SENMrumgent (JOEL model JSM-5500
microscope). UV-Vis [Jenway ultraviolet-visible sp®photometer (series 67)] technique
was utilized to investigate the formed complexes.

2.4. DFT, Monte Carlo and Molecular Dynamic Simulations

The DFT, Monte Carlo MC) and Molecular DynamicgMD) and calculation were performed
using Materials Studio 7.0 [24].

DFT calculations were performed using the Dif&mftware (within the Materials Studio). All
electron calculations are employed for geometrynapation with the double numerical plus
polarization basis set (DNP) [25]. The exchangeetation energy is described by the
Perdew—Burke—Ernzerhof functional within the geheed gradient approximation
(GGA/PBE). All energy minima were characterized ggrforming a vibrational analysis to

ensure the lack of imaginary frequencies [26].
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For MC the interaction between iron surface and the itdnin the simulated corrosion
media is approximated using the slab model of R®)Iith periodic boundary conditions
[using a Fe unit cell, cleaved at h k | (1 1 O)n@laand expanded 10x10 with the addition of an
30 A vacuum layer at C axis) containing 700 watetetules/one inhibitor molecule (either
G-Cg or G-Cy2 /125 hydronium+25 chloride ions. The Metropolis MerCarlo method was
used to evaluate the adsorption configurations [G@MS Il force field, (energy
convergence tolerance of 2 x “20kcal/mol, force convergence tolerance of 0.001
kcal/mol/A)] of the interaction between the molexsibnd the substrates.

The MD simulations with the Forcite Module (Materials &t) were accomplished using
COMPASS Il (Condensed-phase Optimized MoleculaeRals for Atomistic Simulation
Studies) force field with the atom charges assigneeh GGA/PBE calculations [27]. Prior
to the use oMD simulations, the slab model containing the comoesnedia and the inhibitor
molecule is optimized using the Smart optimizatadgorithm with the energy convergence
criteria of 10" kcal/mol and force criteria of 5 x TOkcal/mol/A. MD was conducted using
an NVT (constant-temperature, constant-volume) canoeicaémble at 298 K. The time step
for MD was 1fs with a total simulation time of 500 ps<(30° steps). The system temperature
was controlled using a Berendsen Thermostat (0.1dgrsay constant). For the Radial

Distribution Function RDF) analysis, 500 ps of trajectory frames were used.

3. Result and discussion
3.1. Chemistry
3.1.2. Spectral data and physicochemical charaz&ions of compounds

5,6-anhydro-3-O-dodecyl-1,2-O-isopropylidesmd-glucofuranoseG-C;»)

R () 89; Formula brute CoiHseOs; M 370.54;[q]. (CHCh ) -41.7 (c = 0.7).



'H NMR (300 MHz, DMSO-d6) §pm): 0.87 (s, 3 H, C4} 3.62-3.85 (m, 31 H, CH
carbon chain), 1.25-1.51 (d, 6 H, 2 §H2.83-3.10-4.64-5.86 (d, 4 H, CH-glucose function
3C NMR (75 MHz, DMSO-d6) §ppm): 110.84 (2_C(CH3)2), 22.07, 25.43 (2 CEH
13.91 (CH-carbon chain), 80.53-82.06 (CH-glucose functio2$.98-31.27 (CH-carbon
chain).

5,6-anhydro-3-O-hexyl-1,2-O-isopropylidead3-glucofuranose G-Cs)
R () 92; Formula bruteC;sH20s; M 286.37;[]. (CHCh) -25.1 (c = 0.7). 'H: 3ppm 0.80 (s, 3

H, CHs-carbon chain), 1.19-2.45 (s, 6 H, géhrbon chain), 2.65-3.03 (s, 6 H, €Hjlucose
function), 3.42-3.80 (M, 4 H, Gldeosd, 5.79 (S, 1 H, CHjucose functioy -C: Sppm 13.86 (CH-
carbon chain), 22.05-26.51 (Gidarbon chain), 28.65-29.14 (Giglucose function), 45.57-
82.09 (CH-glucose function), 110.80 (C-glehss-

3.2. Rheological Study

The viscosities of the two compoun@Cs and G-C;, as a function of shear rate in the
temperature range of 298-328 K as showrkiigure 2. The results derived from viscosity
measurements demonstrate t&Cs and G-Ci, work as Newtonian liquids and their
viscosities are independent to the shear rate ddi to 200 §. The evolutions of the
viscosity for compound&-Cs andG-Cy;, at different temperature permitted the estimatinef
viscosity activation energyef (kJ/mol)). Thek, values forG-Cs andG-Cy, were calculated as

follows [23].

E
T)=n,exp -2 4
n(T)=1, p( RT) (4)
Where Viscosity#) (Pa.s)po is a constanR the gas constant (8.314 J/mol K) and T in K.
Arrhenius plots for the viscosity were given kigure 3. Values ofE, for compoundG-Cg

and G-C;, were estimated from the slope of Ln) (vs. 1/T. The activation energy for

compoundsG-Cs and G-C,, are respectively equal to 26.48 and 38.65, respdygti The
9



results show that, thie, for G-C;» is the highest. These energies are then grouggther in

Table 1. We note that the higher the activatiorrgnhe higher the viscosity [23].
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Figure 2. Viscosity measured as a function of shear for mamdsG-Cs and G-Cy, at
different temperature.
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Figure 3. The relationship between Lp)(and 1/T for compoundS-Cs andG-C;; at different

temperature.

Table 1. Activation parameters for compoun@sCs andG-Ci..

R Ea
(kJ/mol)
G-Cs 0.91948 26.48
G-Cyp 0.99139 38.65

3.2. Electrochemical Study

3.2.1. PDP study

Polarization measurements have been carried oortdier to gain knowledge concerning the
kinetics of the anodic and cathodic reactions. &gppotentiodynamic polarization curves of
the carbon steel in 1.0 M HCI solutions without amith the addition of different
concentrations 065-Cs and G-Cy, are shown irFig. 4. Electrochemical kinetic parameters
(corrosion potentialEor), corrosion current density.4), cathodic and anodic Tafel slope

(& and £,), determined from these experiments by extrapmiathethod, are reported in

Table 2.
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Figure 4. The polarization curves in the absence and irpteeence of the compoundzCg
andG-Clz

Table 2. The values of the electrochemical parameterscaded with the polarization study.

Medium Conc.  -Ecor Icorr Tafel slopes Npp

(M) (mV vs. SCE) (nAcn?) (mV ded) (%)
'ﬂc ﬁa

Blank O 457.7 551.3 114.8 102.0 —

G-Cro 10° 405.8 79.7 168.8 76.0 85.5
10° 486.3 77.7 109.3 95.6 85.9
10 485.9 46.4 133.2 67.6 91.6
10° 420.3 17.4 114.5 44.3 96.8
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G-Ce 10° 488.3 136.0 169.4 95.4 75.3

10° 476.8 127.5 141.0 62.1 76.9
10 448.0 49.3 94.9 73.2 91.0
10° 482.7 30.9 114.1 115.6 94.4

As it can be seen, the anodic and cathodic reacaom affected by the addition GfCs and
G-Cy2. Thus, the addition of the inhibitor reduces tlabon steel dissolution as well as
retards the hydrogen evolution reaction. In addjtthe parallel cathodic Tafel curves in Fig.
4 show that the hydrogen evolution is activationtoalled and the reduction mechanism is
not affected by the presence of the inhibitor [ZBje addition of the compounds causes a
slight change in the corrosion potential valugg,f) and the cathode slopés.). Also, the
difference between two successive values of carmopotential lower than -85 (mV/SCE).
This explains that the two compounds act as intiiiof the mixed type [28]. Meanwhile, the
inhibition degree for anodic reaction was lowerntliaat for anodic reaction, implying the
cathodic reaction was principally restrained.

The addition of the inhibitorsG-C;, and G-Cs.) causes a decrease in the corrosion current
densities, hence an increase in inhibition efficies. The inhibitory efficiency is of the order
of 96.8 %, 94.4 %, respectively f&Cy, andG-Cs.

The order of efficiency@-Cy, and G-Cg) for the two compounds can be explained by the
carbon chain-C1,H2s) carried on the compour®-Cis.

3.2.2. EIS study

Electrochemical impedance spectroscopy experimeats carried out on a newly polished
steel surface in acidic solution without and wiie addition 0fG-C;, andG-Cgat open circuit
potential at 298 KFig. 5 show impedance spectra, as Nyquist and Bode pbtsined for
carbon steel in the absence and the presencefefetif concentrations @-C;, and G-Cs.
The Nyquist plots show a single depressed capacgemicircle for both inhibited and

uninhibited solutions, with one capacitive time stamt in the Bode-phase plots. The
13



depressed semicircle in Nyquist diagrams is charatic of solid electrodes that exhibit
frequency dispersion due to the roughness and atihmogeneities of the surface [29].
Also, the slopes of the Bode-modulus plots (Zbys Logf) are not equal to -1 (Fig. 5),
which are commonly observed for solid electrodesaa®sult of frequency dispersion of
interfacial impedance. As the increase of inhibitoncentration, the radius of capacitive arc
showed an uptrend, this was due to the surfac@eokteel was covered by more inhibitor
molecules. That is to say, the compactness of gieéefilm was improved as the inhibitor

concentration increased.

600 1 Blank solution o
3
@ o 10°MofG-Cy,
4 10*MofG-Cy,
5 =
4504 ¥ 10°MofG-C), ‘\é - 200
N’E‘ * 10°Mof G-Cy, & ©
g 0.4Hz N >
—~
2 N 8
£ ~ -40 s
N 8> Blank 2]
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T T T T T -80
-1 2 5
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1504 e ' 05F . 10*M
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Figure 5. The steel curves obtained by impedance specpgseithout and with the addition
of G-C1», andG-C; (a: Nyquist diagrams ano: Bode and phase plots).

The equivalent circuit model was fitted with a slmBy(R,CPE) electrical model due to one-
time constant in the Bode phase plots and thetresid shown in Figure SI2.

By statistics, the parameter was presented abhle 3. Among them,R; was the solution
resistance, Rdenoted the polarization resistance. CPE wasdhstant phase angle element,
representing the capacitive property of electriautde layer [30]. The CPE could be

calculated by equation 5 [31]:

; (5)

Thereinto, Y, w, j and n represent the CPE magnitadgular frequency, imaginary root and
error parameter, respectively. When the n was -D.® and 1, the CPE could represent an
inductor, resistor, Warburg impedance and capaakspectively. Th€y was obtained from

the equation 6 [32]:
C, =Y(2rf)" (6)
wheref is the frequency at the maximum value of the imagirpart in EIS image. The

value could be used to reflect the surface roughnes

Table 3. The values of the electrochemical parameterscaded with the impedance

spectroscopy.
Comps C Rs Ry Cal Nai Q IIes 0
M)  (Qcn?) (Qcm?)  (uFcm?) MFSYH %

Blank 00 1.22+0.02 034.85+0.4317.1 0.82+0.06 315.1+2.8— —

G-Cyp2 10° 1.83+0.03 254.10+0.4460.03 0.85+0.05 112.0+0.86.3 0.863
10° 2.50+0.06 351.10+0.4444.83 0.86+£0.05 079.4+1.200.1 0.901
10 1.98+0.02 446.90+0.4430.32 0.83+0.05 063.0+0.%2.2 0.922
10° 2.17+0.02 633.20+0.4324.67 0.84+0.05 048.0+0.%94.4 0.944

G-Cs 10° 1.39+0.01 191.50+0.5151.81 0.89+0.05 085.0+2.681.8 0.818
10° 2.24+0.03 263.40+0.5143.98 0.88+0.05 073.0+1.586.8 0.868
10 2.52+0.03 364.00+0.4341.83 0.88+0.05 068.0+1.090.4 0.904
10° 2.02+0.02 608.60+0.4329.72 0.88+0.05 046.3+0.494.3 0.943
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It can be seen that the n value in the blank smiutras the lowest, indicating that the surface
roughness was the highest. As the increase dbitohiconcentration, the n value presented a
downtrend. This was due to the inhibitor adsorbedhe surface of steel and then decreased
the surface homogeneity [33].

The examination of the results ihable 3 indicating that the values of the polarization
resistanceR,) increase with the addition of the inhibitor compdsG-C1, andG-Cs that are
attributed due to the adsorption of the compountdsoahe metal surface [34]. Decreased in
double layer capacity(y) values in the presence GfC;, andG-Cg are attributed due to the
decrease in dielectric constant and the improverokttie thickness of the electrical double
layer or the combination of both [34]. The inhibiti efficiencies obtained in the study of
impedance spectroscopy are of the following orde®44 % for the compoun®-C,, and
94.3 % for the compoun@®-Cs.The results obtained in the study of impedancdicorthe
results found in the potentiodynamic polarizatiG(, > G-Ciy).

3.2.3. Temperature effect, activation and adsorpparameters

The temperature is essential for the completenetdsecstudies of the carbon steel corrosion
in the acidic medium, especially in the hydrochdaacid at a range of 238-328 K [35]. The
results of the effect of temperature help us teuate the several activation and adsorption

parameters such as, activation eneigy, (activation enthalpyAH,) entropy activationAS;)

and adsorption entropyAG,,.). These activation and adsorption parameters gé&/eénore
important information on the adsorption mechanisi thhe adsorption mode [35]. Figure SI3
show polarization curves at different temperatusesge (238-328 K) without and with the
addition of G-Cy, and G-Cs. Moreover, the parameters of temperature, actimagnd

adsorption are given ihable 4a.
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Table 4a. Temperature effect, activation and adsorptiorumpaters

Temp -Ecorr lcorr B Pa lpDP Ea AH, A4S, —AGD

(K) mV/SCE upA/cm?2 mVded¢ mV det % kJmol* kJmol* JmoltK? ads,
1 (kJ mol’)

Blank

298+2 496.3 551.3 43.4 39.0 — 35.44 32.84 -81.24

308+2 491.0 1200 184.0 1120 — —_ —_ —_

318+2 475.0 1450 71.0 1240 — _—— —

32842 465.0 2200 161.0 118.0 — —_— —_— —_—

G-Cpp -44.09

298+2 420.3 17.4 114.5 44.3 96.8 75.57 72.99 -25.90

308+2 481.2 94.4 141.7 101.1 92.1— —_ —

31842 464.4 120.5 158.9 73.9 91.7— — —

328+2 512.2 352.9 139.0 117.7 84.0— e e

G-Cg -42.68

298+2 482.7 30.9 114.1 115.6 944 72.33 69.73 a8.7

308+2 475.0 103.2 149.0 93.0 91.4— — —

31842 504.2 272.2 139.8 79.7 81.2— — —

328+2 471.0 428.5 151.9 139.6 80.5— —_ —

Table 4a shows that the current density values

increaseh vitlte addition of

G-C;» and G-Cs compounds. Hence, a slight decrease in inhibiwfficacy for both

compounds, but still the two compounds remainscéffe at high temperature. The activation

and adsorption parameters such as, activation gérgprrosion E), activation enthalpy of

corrosion 4H,) entropy activation of corrosion!§,) and the standard Gibbs free energy of

o

adsorption AG

=1 exp ~AG,,
* 555 RT
th: 1 +Con
6 K

.q4s) are calculated by the following equations (7-{B%-39]

(7

€]

9)

(10)
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The activation energyE{) was calculated by the variation of Lig,§) =f (1 / T) (Figure Sl4).
AH, and4S, are also calculated by extrapolation of the Arrbhgrequation and the variation
of Ln (icorr / T) =1000 / T(Figure SI5). To obtain the best model to desctileadsorption of
the inhibitor studied, th€;,,/6 curve as a function of th&,, concentration o5-C1, andG-
Cs must be linear, this shows an adsorptioGeE,, andG-Cg on the surface of steel. in 1.0
M HCI with a correlation coefficient greater thal®9999 (Figure SI6).

FromTable 4a, the activation energy value,j for both compounds are larger than those of
1.0 M HCI. This explains the presence of an endxg@yier involved after the addition of the
compounds [40]. In addition, the positive valuestloé activation enthalpy4H,) in the
presence of th@lucosederived compounds indicates inhomogeneity of thdase after
addition of the compounds. Also, that the reaci®mendothermic [40]. The most positive

values of the entropy of activation$,) show that the two inhibitors are well absorbedtua

o

surface of the steel [41]. The standard Gibbs émergy of adsorption)G, ) values for both

ads
compounds are greater than -40 kJ/mol. Accordindpediterature, these two compounds are
adsorbed on the surface of the steel by chemicalenud adsorption (chemisorption) [41].
Table 4b reports the type and corrosion mechanism inhibitifmr some selected
8-hydroxyquinoline derivatives recently used asrasion inhibitors in hydrochloric acid
medium compared with two newly syntheses compounds.

Table 4b. Inhibitors performance of novel quinoline derivas used as corrosion inhibitors

for mild steel in 1.0 M HCI medium from impedangeestroscopy measurements.

Compounds Materials Inhibition Adsorption Inhibitor Ref.

isotherm type
Efficiency (*)

7 3-((8-hydroxyquinolin-5- 94.4 % Langmuir Mixed [20]
N NY\V yl)-methyl)-2- type
AN phenylquinazolin-4(3H)-
0o ﬁ:(j one
N
OH
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NO, 3-((8-hydroxyquinolin-5- 95.9 % Langmuir Mixed [20]
Cﬂ‘ﬁ/@ yl)-2-(4-nitrophenyl)- type
N.
0 i)\/i quinazolin-4(3H)-one
N
OH
o 5-((4, 5-dihydro-oxazol-2-  97.40 % Langmuir anodic [11]
{3 yl) methyl) quinolin-8-ol type
- (QDO)
N/
OH
(NH 5-((4, 5-dihydro-imidazol- 91.82 % Langmuir anodic [11]
N~ 2-yl) methyl) quinolin-8-ol type
~ (QIM)
N/
OH
o 5,6-anhydro-3-O- 94.4 % Langmuir Mixed  This work
o hexadecyl-1,2-O- type
OR isopropylidenes-D-
A glucofuranose (G-C6)
OA(
R=C¢Hy3, G-C¢
o 5,6-anhydro-3-O- 96.8 % Langmuir Mixed  This work
o QOdedecyI-l,2—O— type
OR isopropylidenes-D-
At glucofuranose (G-C12)
OA(

R= Ci,H;5, G-Cy,

The glucose derivatives used in this study areogpcdl non-toxic and biodegradable because

it is a natural origin (Glucose). In addition, aaompound is more effective compared to the

other compounds which is already publish&akle 4b). However, the compounds used in

this study are resistant to high temperature, whigks authorization for use in the industrial

field.

4. Char acterization of the metal surface

4.1. SEM study
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We performed arSEM analysis to analyze and characterize the metéhaiof the carbon
steel after corrosion in molar hydrochloric acidlwand without of the compounds. TESEM
image in 1.0 M HCI alone shows that the surfacgeistroyed by corrosioriF(gure 6A). The
observation of theSEM images in the case of the presence of the glyeosampounds
(Figure 6B, C) shows that the surface of the steel was protebied layer of organic

compounds in the form of a deposit [42,43].

(A)1.0M

Figure 6. SEMimage ofCSbefore (A) and after immersion for 6 h in 1.0 M H@th 10° M

of (B) G-Cy2and (C)G-Cs.

4.2. UV-visible spectroscopy

In order to study the complexing property of the teompounds with iron we have carried
out a study by UV-visible spectroscopy (UV-vis) [4%he UV-visible spectra shows that the
maximum wavelengths move from 260.22 to 312.41 omthie G-C;, compound and from
254,52 to 340.45 nm for th&-Cs. This result reveals that the these two compouwards
capable of making bonds with iron ions dissolved.ithM HCI (Figure SI6).

4.3. ICP-OES analysis

To measure iron dissolution in HCI with and withaohibitors we performed atfCP-OES
analysis. The analysis shows that there is an atmfuinon of 259.939 mg/L in the case of
carbon steel in 1.0 HCI alone. After the additidrthee two compound&-C;, andG-Cg it is
observed that the amount of iron dissolved in HCbf the order of 6.297 mg/L for the

compoundG-C;; and 6.312 mg/L for the compour@ Cs.These results explain that the
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glycoside compounds decrease the iron dissolutrorHCI, proves that the these two
compounds have an inhibitory effect on the dissotubf the carbon steel in 1.0 M HCI [45].

5. Theoretical study

51.DFT

The adsorptive behavior of tHepoxy Sugarderivatives bearing a longer fl,s) or a
shorter (-GH13) alkyl chains can be evaluated through the shagesgmmetry of the Highest
Occupied Molecular OrbitaldHHOMO) and Lowest Unoccupied Molecular OrbitaldJMO),

by analyzing [42,45].HOMO designates the regions prone to electron donafton
electrophilic species), whereaBMO the regions that have an affinity to accept tleetebns
(from nucleophile species). The distribution”®MO in the studiedEpoxy sugaderivatives
(Figure 7) is delocalized mainly through thlexygenatoms of thesugar moiety, the similar
distribution is observed also f&tUMO, meaning that this part of molecule is where the
interaction with the metals surface (iron) takescpl by an electron donation from molecule
toward the surface [46]. Electrostatic potentialpgd&SP presented in th&igure 7c, are
helpful to pinpoint the rich (red color) or poorlyb) regions of electron density in the
molecule. The regions with the high electron dgnaie concentrated nearby oxygen atoms

whereas the electron density distribution is lowhat—C and —H atoms [47].
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Figure 7. Optimized structures, distribution of orbitals FEODMO and b.LUMO) andESP of

EpoxySugaf-Ci, andG-Cgmolecules.

5.2. Monte Carlo

In theFigure 8 are represented the resulting interaction eneieges for Fe (110)G-Cy,0r
G-Cs /700 HO/s hydronium+25 chloride ions simulated corrosion raederived from
Monte Carlo calculations. In eadC step there is a tendency of the convergence dafyeve
energy contribution (the total energy, the averagal energy, the van der Waals energy, the
electrostatic energy and the intermolecular energy)he course of the calculation steps

during the adsorption of the inhibitor molecule®tite Fe(110) surface [48].
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Figure 8. Monte Carlo calculation resulting interaction egies curves for Fe (11@£Cy,
(a.) orG-Cy2(b) /700 HO/25 hydronium+25 chloride ions simulated corrosioedia.

The distribution of the adsorption energies durthg Monte Carlo Calculations for the
species that are used to simulate the corrosionareeeé represented in thkeégure 9. The
negative energy values are an indication of spa@itof the inhibitor adsorption toward the

Fe surface. The adsorption energy depending orcahéguration of inhibitor onto the Fe
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surface for aG-C;, molecule is in the range of -83.55 to -139.45 koal, whereas the

adsorption energy fdB-Cs is in the range of -114.55 to -122.05 kcal/mol.

0.7 5

06 - —— EpoxySugar-C12H25
: [——\Water

— Hydronium ions
= Chloride ions

0.5

0.4 4

P (E)

0.3 4
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180 -160 -140 -120 -100 -80 -60 40 20 0
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Figure 9. Adsorption energy distribution curves for Fe ({1G-C;, (a) or G-Cs (b) /700
H,0/25 hydronium+25 chloride ions simulated corrosioadia obtained via Monte Carlo
calculations.

These relatively high adsorption energy values ameountable for the water displacement

from Fe(110) surface due to the interaction ofittiebitor by electron sharing of its oxygen-
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sugar moiety and the metal surface. This interadtiwolves the overlap between the sharing
of electrons from —O atoms of the inhibitor compdsirand the 3d electrons of the iron
surface [48].

5.6. Molecular Dynamics

In order to understand at the molecular level titeraction details of the studied inhibitor
with the Fe (110) surface the Molecular Dynamicswsations were accomplished. The most
stable geometry configurationBigure 10 a. and b) jointly with thé&kRDF poses Figure 11)
obtained from these simulations provided a in ddptbrmation regarding the corrosion

inhibition expressed by thespoxy sugaderivatives.

E TSR R R R SRR

Figure 10. Side and top views of the most stable adsorptarfiguration for Fe (1108-Ci,
(a.) orG-Cg (b.) /700 HO/25 hydronium+25 chloride ions in the simulatedrasion media

obtained by Molecular Dynamics simulations.
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Both of the inhibitors are flat lying onto the Ferface, and somewhat a greater extent of
adsorption energy (frolMC) in the case of5-C;, compared taG-Cg is due to a greater
surface of the former one.

TheRDF is frequently used iMD simulations to evaluate the interaction betweenstindied
inhibitors and the surface. When the peaks aristhatdistances 1 A up to 3.5 A, it is
associated with chemisorption (for the physisorptibe peaks arise at the distances larger
than 3.5 A) [48]. Th&RDF value Figure 11) for O atom of the botepoxy sugaderivatives
shows that the bond length of O atoms and thestoface is less than 3.5 A, pointing out to
chemisorptions through the inhibitors. This strontgraction leads to the protection of the

metal against dissolution — by a chemisorption essc

EpoxySugar-C6H13

100

80

Z 601
. EpoxySugar-C12H25
40

20

2 4 6 8 10 12 14 16 18
r (Angstrom)

Figure 11. RDF of O atoms of thEpoxy Sugaderivatives on the Fe (110) surface.
6. Conclusion
In this study, we presented two ecological inhitstas corrosion inhibitors of carbon steel.

These compounds have been characterized by thésmaearal, theNMR analyzes show that
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it has good coherence between the spectral vahetha assigned structurds.addition, the
result of the electrochemical and rheological stablgws that these two compounds have a
remarkable corrosion inhibiting effect and that thhibitory efficiency increases with the
increase in concentrations for the two inhibitdree highest inhibition efficiency values at
10° M (optimum concentration) are 94.4 % and 94.3 %GeCy, and G-Cg, respectively.
Both inhibitors acting on the metal surface ashitbrs of the mixed type. The corresponding
values of the standard Gibbs free energy of adsor($t44.09 to -42.68 kJ/mol) revealed that
the adsorption mechanism of t6eC;, andG-Cs are mainly due to chemisorption. While, the
increase in temperature causes a slight decreasge imalues of the inhibitory efficiencies.
Thermodynamic studies show that both inhibitorsngcbn the metal surface according to the
Langmuir isotherm. Theoretical results DFT and Miulation indicated that the both

inhibitors is efficient, which is completely agreth the experimental results.
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Highlights
» Newly both glucose derivatives was synthesized and evaluated as corrosion inhibitor
for stedl in acidic medium.
» Adsorption of G-Cy, and G-Cg, obeyed the Langmuir adsorption isotherm model their
adsorption was supported by SEM and UV -vis spectroscopic anal yses.

» The experimental results were correlated with DFT and MC stimulation resullts.
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