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The effect of hydroxyl group number of some anthraquinon derivatives 1,2,4-trihydroxyanthraquinone
(purpurin) and 1,4-dihydroxyanthraquinone (quinizarin) on their corrosion inhibition efficiency has
been reported in order to establish a relationship between inhibitor efficiency and molecular structure.
Experimental study is based on the potentiodynamic polarization curves and electrochemical
impedance spectroscopy (EIS). On the other hand, the quantum chemistry calculations were performed
using B3LYP/6-31G (d) method to determine the electronic and structural parameters of the studied
anthraquinon derivatives. The results revealed that the compound containing supplementary group
(OH) presents the highest inhibition efficiency (91.5 %) in the case of Purpurin, that value is less than
that obtained for Quinizarin (89.0 %). The experimental study indicated that the inhibition efficiency
depends on concentration and molecular structure of the investigated compounds. The obtained
experimental and theoretical results agree well and confirm that Purpurin, possessing the most number
of OH group, is the better inhibitor.

Keywordsl,2,4-trihydroxyanthraquinone, 1,4-dihydroxyanthraquinone, Corrosion inhibitor, EIS,
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1. INTRODUCTION

Corrosion is a phenomenon of degradation of metallic materials by the environment [1,2].
Corrosion causes waste of raw materials and energy and environmental damage and possibly costly in
terms of human health [3,4] . This phenomenon concerns most industrial sectors, notably the
automotive industry and the chemical and petrochemical industries [5, 6].
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HCI solution is one of the most-used in many processes in the industrial sector; this acid
causes the metallic degradation, due to its aggressiveness either by chemical or electrochemical
reactions [7,8]

The use of inhibitors is one of the most practical methods [9, 10]. Inhibitors, which decrease
corrosion on metalic materials, can be divided into three kinds: surfactant inhibitors [11], organic
inhibitors [12] and inorganic inhibitors [13].

Several works have studied the influence of organic compounds on the corrosion of steel in
acidic media [14-21]. Earlier reports [22-24] have been shown that inhibition efficiency of organic
compounds containing hetero atoms and aromatic cycles is influenced by the nature and surface charge
of metal by the electronic and chemical structure of inhibitor. However Additional to specific
interactions between functional groups and metal surface, the group number can be influence the
corrosion inhibition efficiencies.

Many research works have been developed in order to correlate group number and the
inhibition efficiency of organic molecules [25,26].

The aim of this work is to explore the relationships between the anthraquinons derivative
(1,2,4- trihydroxyanthraquinone and 1,4-dihydroxyanthraquinone) reactivity and their ability to inhibit
the corrosion of carbon steel in in HCI solution to understand if any structural differences induced by
different number of the hydroxyl group may be related to the experimentally observed differences of
corrosion efficiency, using electrochemical measurements, also the kinetic and thermodynamic
parameters are calculated and discussed . On the other hand, the quantum chemical calculations were
determined using density functional theory (DFT) method to determine the global reactivity indices of
the used inhibitors.

2. MATERIALS AND METHODS

2.1. Materials

The chemical composition of the carbon steel used is listed in Table 1.

Table 1. the composition of carbon steel

Elements C Si Mn Cr Mo | Ni Al Cu Co V w Fe

(%) of Mass | 0.11 | 0.24 | 0.47 | 0.12 | 0.02 | 0.1 | 0.03 | 0.14 | <0.0012 | <0.003 | 0.06 | Balance

2.2. Inhibitors
(e} OH
9008
(o) OH

Figure 1. Chemical structure of Purpurin
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Figure 2. Chemical structure of Quinizarin

2.3. Solution

The tested solution was 1 M HCI which prepared by dilution of the commercial concentrated
solution

2.4. Electrochemical method

Electrochemical experiments were performed by using three electrode with carbon steel (1
cm?) as working electrode (WE), pt as an counter electrode and concerning the reference electrode
(RE) we used the saturated calomel electrode S.C.E.

The potentiodynamic polarization curves were recorded by changing the electrode potential
automatically from negative values to positive values versus Eqr Using a Potentiostat/Galvanostat type
PGZ 100, at a scan rate of 1 mV/s after 0.5 h of immersion time until reaching steady state.

The EIS experiments were conducted in the frequency range with high limit of 100 KHz and
different low limit 100 mHz at open circuit potential, with 10 points per decade, at the rest potential,
after 30 min of acid immersion, by applying 10 mV ac voltage peak-to-peak. Nyquist plots were made
from these experiments

2.5. Computational method

For the theoretical study, the geometrical structure of Purpurin and Quinizarin were realized by
using the Density Functional Theory (DFT) with the Beck’s three parameter exchange functional and
the Lee—Yang-Parr non-local correlation functional (B3LYP) [27,28] with 6-31G(d) basis set of
atomic orbital as implemented in Gaussian 03 program package [29]. Furthermore, DFT method is
proved as a very useful technique to probe the inhibitor/surface interaction as well as to analyze the
experimental data [30].

It is well known that any physical or chemical property measured in a solvent can be different
if it is measured in another solvent [31,32]. It is also expected that the inhibiting molecules in solution
behave differently from those in vacuum. So, it is necessary to study the solvent effect on the
geometrical structure and on the electronic properties, in order to take into account of this effect the
polarized continuum model (PCM) [33] and water as solvent were used. In this model, the solvent was
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treated as a continuum dielectric media and the solute is considered as a trapped molecule in a cavity
surrounded by solvent.

The geometry structure was optimized under no symmetry constraint in gas and aqueous
phases. The stability of the optimized geometry of the molecular structure was confirmed by harmonic
vibration wave numbers calculated using analytic second derivatives which have shown the absence of
imaginary frequency modes. The following quantum chemical parameters obtained from this
optimized structure have been determined.

The energy of the highest occupied molecular orbital (EHOMO), is directly related to the
ionization potential (1) and the energy of the lowest unoccupied molecular orbital (ELUMO) is directly
related to the electron affinity (A), as follows:

A=—Eyno (1)

I =—Eyopmo (2)

The gap energy, is the difference in energy between the HOMO and LUMO,

The energetic gap is determined as follow:

AE = Ejyme — Enomo (3)

The electronegativity (y), the chemical potential (u) and the global hardness (n) were
evaluated, based on the finite difference approximation, as linear combinations of the calculated | and
A:

X=—p=—" (4)

n=-——" (5)

The fraction of transferred electrons (AN), evaluating the electronic flow in a reaction of two
systems with different electronegativities in particular case a metallic surface and an inhibitor
molecules, was calculated according to Pearson theory [34] as follows:

Xra = Xinn

AN = —8M8M8M8M8—
2(”}?9 + n‘inhj

(6)

Where the indices Fe and inh refer to iron atom and inhibitor molecule, respectively

3. RESULTS AND DISCUSSION

3.1. Electrochemical study

the inhibition study of carbon steel corrosion in 1M HCI by Purpurin and Quinizarin was
realized by using different electrochemical methods such as potentiodynamic polarization curves and
electrochemical impedance spectroscopy (EIS).
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3.2. Potentiodynamic Polarization curves

the potentiodynamic polarization curves of carbon steel in 1 M HCI in absence and presence of
different concentrations of Purpurin and Quinizarin at 298K was presented in figure 3.
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Figure 3. Potentiodynamic polarization curves of carbon steel in 1 M HCI without and with different
concentrations of :(a) Purpurin (b) Quinizarin at 298K
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Table 2. The electrochemical parameters obtained from polarization curves of carbon steel in 1 M
HCI at various concentrations of two inhibitors

Inhibitor Concentration(M)  —Ecor (MV/SCE)  —Bc (mVdec™) icorr (LA.cm™) El (%)

Blank 1.0 506.0 92 983.0 = -
Purpurin 10°® 473.7 91 201 79.0
10° 461.4 95 84 91.5

10"3‘ 480.7 86 100 90.0

10° 467.0 103 120 88.0

Quinizarin 10° 472.0 105 240 76.0
10° 484.0 100 109 89.0

10 478.0 114 115 88.0

10 494.0 119 184 81.0

Fig. 3 (a, b) shows that the presence of the two inhibitors into the acid solution affects both
region (anodic and cathodic), the anodic region was explained by the metal dissolution and the
cathodic region by the hydrogen evolution reaction, the corrosion potential (Ecor) is slightly shifted.
This implies that Purpurin and Quinizarin can be seen as a mixed-type inhibitors.

The electrochemical kinetic parameters, corrosion potential (Ecorr), corrosion current density
(Icorr), Tafel slopes (Bc) and inhibition efficiency, extract from the above plots are given in Table 2.

The inhibition efficiency, EI (%) was calculate by using the following equation [35]:

Po—i
El [%j _ Ccorr - corriink) % 100 (?j

core

Where icor and icon(inny are the corrosion current densities of uninhibited and inhibited solution
respectively.

In the literature [36-40], an inhibitor can be classified as a cathodic or anodic type if the
displacement in corrosion potential is more than 85 mV with respect to the corrosion potential of the
blank.From the table 2,the corrosion potential of carbon steel shifted from 25.3 to 44.6 mV anodically
compared to the blank in the case of Purpurin and from 12 to 34 in the case of Quinizarin,
consequently, our inhibitors can be classified as a mixed type with the predominant anodic
effectiveness of both inhibitors. This result is in good agreement with previous works for other
inhibitors (table 3). The mixed-inhibition mechanism suggested by the polarization data is consistent
with Shuduan [41], of E.E. Oguzie [42], and of H. Zarrok [43] on the adsorption behavior of organic
molecules containing oxygen atom in acid solutions. Organic inhibitors may interact with the
corroding metal and hence affect the corrosion reaction in more than one way, The adsorption
mechanism for a given inhibitor depend on the functional groups present in its molecule, since
different groups are adsorbed to different extents. Again, the presence of more than one functional
group has been reported to often lead to changes in the electron density of a molecule, which could
influence its adsorption behavior [44]
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Table 3: Comparison between our studied inhibitors with other works that studied the mechanism of
inhibition in the presence of organic inhibitors

Inhibitor —Eeorr (MV/SCE)  —Bc (mVdec?)  icor (RA.cm™)  EIl (%)
Purpurin 461.4 95 84 915
Quinizarin 484 100 109 89.0
Methionine [42] 495 190 87 70.4
Alizarin violet 3B [41] 473 117 20 95.4

5-(2-chlorobenzyl)

2,6dimethylpyridazin-3-one [ 43 ] 469.8 1994 48.8 9.5

The results show that when these inhibitors were added to 1HCI solution don't change the
cathodic tafel, this may be indicate that Purpurin and Quinizarin adsorb onto the metal surface and
minimize the corrosion rate by blocking the active sites of carbon steel surface.

The corrosion current density (icorr) Values decrease in the presence of these inhibitors. This
indicates that these compounds' inhibit the corrosion process of carbon steel , by adsorption on the
electrode surface . This adsorption of inhibitors on carbon steel surface non-bonding electron pairs
present on aromatic rings and oxygen atoms as well as m-electrons [45]. This decrease is very
pronounced in the case of Purpurin than in Quinizarin which can be attached to the slight difference
between the two studied inhibitor molecules. This finding was confirmed by study at other authors
[22,46-48] all of whom suggested that the effectiveness of an inhibitor is related to molecular structure
; Danaee, Showed the effect of hydroxyl group position on adsorption behavior and corrosion
inhibition, and definite the correlation of inhibition effect and molecular structure.

The efficiency values of inhibition increase with the decrease of the inhibitors concentration
and reached the maximum value at 10° M indicating that the upper cover of the inhibitor on the
surface of carbon steel is obtained in a solution with a lower concentration of inhibitors. The same
results are obtained for other reports [49].

For Purpurin the maximum value is 91.5% and for Quinizarin is 89%. The results are clearly
illustrating the fact that Purpurin presents the better inhibition than Quinizarin. Indeed, the present of
OH supplementary group in the case of purpurin arises an enhancement in the inhibition efficiency.
However, the high inhibitive performance of purpurin suggests a higher bonding ability on carbon steel
surface, which possess a higher number of lone pairs on heteroatoms and =-orbitals, which are
regarded as active adsorption centers. The electron lone pair on the oxygen atoms of the additional
oxygen atoms will coordinate with the metal atoms of active sites caused a strong interaction with
metal surface [50].

3.3. Electrochemical impedance spectroscopy

Figures 4a and 4b show impedance diagrams for carbon steel in acidic medium (1.0 M HCI) in
the absence and the presence of various concentrations of Purpurin and Quinizarin. The results
obtained are represented as diagrams of Nyquist [51].
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Figure 4. Nyquist plots for carbon steel in 1 M HCI without and with different concentrations of (a)
Purpurin (b) Quiniarin.

It can be seen that the Nyquist plots were constituted of one semicircle which the diameter is a
related to the concentration and the type of the studied inhibitors.

The capacitive loop at high-frequency is related to the charge-transfer resistance (Rct) and the
double-layer capacitance (Cdl) [52, 53].

In both figures, the diameter of the capacitive loop is larger in the presence of inhibitor
compared with blank solution. This process indicates that the impedance diagram of carbon steel in
uninhibited acid solution increases after the addition of the Purpurin and Quinizarin as inhibitors in the
aggressive solution. This indicates that the impedance of inhibited solution increases after the addition
of purpurin and quinizarin inhibitors in blank solution .

In both diagrams the obtained Nyquist impedance is not perfect semicircles, this behavior can
be attributed to the frequency dispersion effect as a result of the inhomogeneous of metal surface [54].

The equivalent circuit model employed to simulate the experimental data is mentioned in
figure 5. in this equivalent circuit, Rs is the solution resistance, R presents the charge transfer
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resistance, and the CPE is the constant phase element which is used in place of double layer
capacitance (Cgj) to give non-ideal capacitive behavior [55,56 ].

R CPE

VLV AVAYY
WY
R ct
Figure 5. The equivalent circuit model used to fit the impedance diagrams.

Table 4. Electrochemical parameters for carbon steel in 1 M HCI at various inhibitors concentrations.

Concentration

Inhibitor M Re(Ohm.cm?) Cai (uF/cm?) Nz (%)
Blank 1.0 40.0 1V A —
Purpurin 10°® 198 203 80.0
10° 468 164 91.4
10 401 170 90.0
107 344.0 198 88.5
Quinizarin 10° 161 214 75.0
107 348 111 88.5
10 340 144 88.0
107 201 192 80.0

The impedance parameters obtained from these plots are listed in Table 4. The charge transfer
resistances (R.) are calculated from the difference between the values of impedance at low and high
frequencies. The capacitance values (Cq) is determined using the following equation [57]:

1
K?d! —

27 f,

1

ax R{'F
8
Where frax represents the frequency at which imaginary value reaches a maximum on the
Nyquist plot.
The inhibition efficiency (n, %) was calculated by using the following formula [58] :
Rt _~—R.

ctcorr cteorriinh)

R_l

ctcorr

N, % = X 100 (9)
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Where Reicor and Rercorrinny are the charge transfer resistance in the absence and presence of
inhibitors, respectively.

It can be seen that the presence of the both inhibitors, the values of resistance charge transfer
Rt increase and the Cgy, values reduce. Indicating that these inhibitors adsorb at the metal surface [59,
60].Furthermore, the decreased values of Cy may be due to a reduction in local dielectric constant
and/or by an increase in the thickness of the electrical double layer [61].

Thus, the decrease of Cdl values , the increase in Rcr values and consequently the change of
inhibition efficiency may be due to the gradual replacement of the water molecules by the adsorption
of the Purpurin and Quinizarin molecules on the carbon steel surface, decreasing the extent of
dissolution reaction. This result is in good accord with previous works [62,63]. For both cases, the
efficiency values of inhibition increase substantially with the decrease of the concentration of the
inhibitor, but the optimum value is 10° M indicating that the upper cover of the inhibitor on the
surface is obtained in a solution with a lower concentration of inhibitors. The comparative study shows
that Purpurin is more effective than Quinizarin and the difference in inhibitive efficiency mainly
related to the structural differences between the Purpurin and Quinizarin induced by a different number
of the hydroxyl group.

3.4. Effect of temperature

100 A *. o
10 4 p 5 ’
&\ 1__
E E
(&)
< ]
E o1
] —=— 208K
. —0— 308K
0.01—E — A 318K
—#— 328 K
1E-3 °
L B L B L B BRI B B B B L
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

E(V/ECS)

Figure 6. Polarization curves for carbon steel in 1M HCI at different temperatures.

The effect of temperature on the inhibition process in acidic solution has attracted the interest
of a large number of researchers [64-66, 4] because the temperature can change the interaction
between metal surface and the acidic medium in the absence and the presence of these inhibitor.
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Therefore, we proposed to study this effect in order to explain the mechanism of adsorption and
activation processes.

the potentiodynamic polarization were used to evaluate the effect of temperature on the
corrosion processes of carbon steel surface in acidic media in the absence and presence of Purpurin
and Quinizarin with the range of temperature 298, 308, 318 and 328 K (Figure 6 and 8) and the
corresponding data are given in Table 5 and 6.

1000 ¢
100 ¥

10 E

i(mA/cm?)

0.1 L

0.01 |

1E3 b vt e e b e
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

E(V/ECS)

Figure 7. Polarization curves for carbon steel in 1 M HCI in the presence of Purpurin (10°M) at
different temperatures.
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Figure 8. Polarization curves for carbon steel in 1.0 M HCI in the presence of quinizarin (10°M) at
different temperatures.
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Table 5. Electrochemical parameters for carbon steel in 1M HCI at different temperature

Ecorr(mV/ECS) icorr(nA/cm?) Bc mV
25C° -498 983 -92
35Ce° -491 1200 -184
45 C° -475 1450 -171
55 C° -465 2200 -161

Table 6. Electrochemical parameters for carbon steel in 1M HCI in presence of 10°M of Quinizarin
and Purpurin at different temperature

Inhibitor ~ Temperature (K) ~ —Ecor (MV/SCE)  —Bc (MV dec?)  icor (LA cm™) n (%)

298 461 95 84 915
308 477 101 144 88
Purpurin 318 477 105 205 86
328 483 90 320 85
298 484 100 109 89
Quinizarin 308 508.3 111.6 220 82
318 506.9 89.6 278 81
328 524.0 108.7 481 78

from Table 6 it is clear that the corrosion current density icor increases with increasing
temperature but the temperature has not changed the significantly inhibitory performance of Purpurin
and Quinizarin. Indeed its efficiency inhibitory are nearly constant, recorded a slight decrease when
the temperature varies from 298 K (91.5 %) to 328 K (85 %) for Purpurin and 89 % to 78 % for
Quinizarin.

The noticeable decrease of the inhibitor efficiency (85 %) for Purpurin and (78%) for
Quinizarin is observed at the temperature (328 K), this decrease may be demonstrated by desorption
of the both inhibitors Purpurin similar to Quinizarin from the electrode surface. The obtained results
are in accord with previous investigations [67, 68].

3.5. Thermodynamic parameters

To strengthen the process of corrosion, the activation parameters like Enthalpy (AH®), Entropie
(AS°) and the apparent activation Energie (Ea), are calculated and discussed.
The activation Energie (Ea) can be calculated by the Arrhenius equation [69]:

Ea
oore = KEXP (— E) (10)

Where T is the absolute temperature, icor IS the corrosion current densities, k is the constant
preexponential factor and R is the universal gas constant.
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Arrhenius plots for the corrosion rate of carbon steel are given in Figure 9 are used to calculate
the activation energy (Ea).
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Figure 9. Arrhenius plots for carbon steel in 1 M HCI solution with and without of 10°M of
Quinizarin and Purpurin

Table 7. The activation energy calculated in absence and in presence of Alizarin

Inhibitor Ea(k mol™)
Blank 21.0

Purpurin 35.5

Quinizarin 38.0

The Ea values obtained from these plots are given in the table. 7. analyze of these value shows
that the energy of activation in the presence of inhibitors is higher than that in the absence.

The higher activation energy may be interpreted as physical adsorption at the metal surface
indeed, a higher energy barrier for the corrosion process in the blank solution solution is associated
with physical adsorption or weak chemical bonding between the inhibitors molecules and the carbon
steel surface [70].Similar results obtained for other inhibitor molecules have been reported elsewhere
[71].

Other kinetic data like enthalpy (AH,) and entropy of adsorption (AS,) are accessible using the
alternative formulation of Arrhenius equation [72]:

I B (RT) (ﬂS“) (—ELH':) 11
corr Nh exp R exp RT ( j
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Where h is the Plank's constant and N is Avogadro's number, AH, the enthalpy of activation
and AS; the entropy of activation.
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Figure 10. Variation of Ln (icorr / T) as function of the inverse of the temperature in the absence and
the presence of 10 of Purpurin and Quinizarin

Icorr.

Figure 10 present the variation of In (Tj function (1/T) as a straight line with as lope of
AH,/ R) and the intersection with then-axis is [Ln(R/Nh) + (AS, /R)]. From these plots, the values of
AS, and AH, can be determined .The activation parameters such as AH, and AS, in the absence and
presence of inhibitors are listed in table 8.

=

Table 8. the values of AH_, _and AS_,_for carbon steel in acidic medium in the absence and presence
10" M of Purpurin and Quinizarin (107).

Inhibitor AH_,(KJ. mol™) AS. 4. (3.molt K™Y
blank 18.4 -126
Purpurin (10°M) 32.8 -97.5
Quinizarin (10°M) 35.5 -86.1

According to A. Tazouti [73] the positive sign of the enthalpy reflects the endothermic nature;
the negative signs of AH, values reflect the exothermic nature of the carbon steel dissolution .

Here the calculated value of AH® for dissolution reaction of carbon steel in 1.0 M HCI in the
presence of Purpurin and Quinizarin is higher than that in blank solution . The positive signs reflect
the endothermic nature of the carbon steel dissolution process .
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All values of E, are higher than the values of AH,, this observation indicate that the corrosion
process controlled by gaseous reaction, simply the hydrogen evolution reaction, associated with a
decrease in the total reaction volume [74].

The AS° values are negative in the tow case ( the uninhibited and inhibited solutions). The
increase of AS® value indicates an increase of the disorder this can be generally interpreted by the
conversion of the reactants to the activated complexes which take place at the interface metallic
surface/solution [75].

3.6. Adsorption isotherms

Adsorption isotherms are very important in understanding the mechanism of organo-
electrochemical reactions[76]. In order to evaluate the adsorption process of LO onto carbon steel
surface, Langmuir adsorption isotherm were obtained according to the following equations:

Sigh _ _1 i
5 ons + Cin (Langmuir) (12)

Where 0 is the surface coverage of the metal surface, K the adsorption-desorption equilibrium
constant, Ciny the inhibitor concentration and a is the lateral interaction term describing the molecular
interactions in the adsorption layer and the surface heterogeneity. The fractional coverage values 0 as a
function of inhibitor concentration can be obtained from polarization curve as follows:

g = i-c'u:lrr._ic'urr.-'inh (13)

lcorr

The data were tested graphically, see figure 11 by fitting to Langmuir isotherm which given by
equations 6.
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Figure 11. Langmuir adsorption plots obtained for carbon steel in 1 M HCI containing different
concentrations of Purpurin and Quinizarin at 298 K.
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Table 9. Adsorption parameters from Langmuir Kinetic isotherms for carbon steel in 1M HCI in the
absence and presence of Purpurin and Quinizarin at 298 K.

Inhibitors Langmuir
Kads &Gads R2
(M) (kd/mol)
Purpurin 1.1*107° 55.8 1
Quinizarin 2.8*107' 41 0.99997

The analysis of figure 11 shows that the variation of the ratio Cinh / 0 as a function of the
inhibitor concentration is linear for the Langmuir isotherm, indicating that the adsorption of Purpurin
and Quinizarin on the surface of the steel in 1M HCI obeys the Langmuir adsorption isotherm.
Consequently, the inhibition of the corrosion is due to the formation of layer on the metallic surface,
limiting electrolyte access,the strong correlations (R2 = 0.995) confirm the validity of this chosen
model. Furthermore, it is recognized that the AG, ;. values of less than or equal to 20 KJ/mol indicate
that the adsorption mode is physical, whereas those with values greater than 40 KJ/mol involve sharing
or transfer of electrons from the inhibitor compound to the metal surface to form a co-ordinate type of
bond (chemisorption) according to several authors [77]. from the table 9, the values of the free
enthalpy of adsorption AG_4_ are greater than 40 KJ/mol for the two inhibitors. So, we can consider
that these inhibitors are chemically adsorbed on the mild steel surface in 1.0 M of hydrochloric acid
solution.

3.7. Quantum chemical calculation

(a) (b)

._

Figure 12. Optimized molecular structure of (a) Purpurin and (b) Quibizarin.

The quantum chemical parameters were calculated by using density functional theory (DFT)
method to correlate some quantum chemical parameters with experimental inhibition efficiencies of (a)
Purpurin and (b) Quinizarin.
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3.7. Molecular geometry

The molecule’s structure was built with the Gauss View 3.0 implemented in Gaussian 03
package [78], their corresponding geometries were fully optimized at B3LYP/6-31G (d) level of
theory.

Table 10. Some geometrical parameters of Purpurin are determined at B3LYP/6-31G (d) level of
theory in gas (G) and in solvent (S).

Bond lenght (A) Bond angle (°) Bond angle (°)

purp G C3-C7 1.493 C3-C7-C10 117.8 C3-C7-021 1195

S 1.493 118.0 119.0

G C7-C10 1.489 C7-C10-C9 120.8 C10-C7-021 122.7

S 1.480 120.7 123.0

G C9-C10 1.433 C10-C9-C8 120.6 C9-C14-022 123.1

S 1.439 120.6 123.3

G C8-C9 1.496 C9-C8-C4 117.8 C13-C14-022 118.0

S 1.489 118.0 117.4

G C4-C8 1.491 C8-C4-C3 121.4 C12-C13-024 124.1

S 1.489 121.2 124.7

G C3-C4 1.402 C4-C3-C7 1215 Cl14-C13-024 1145

S 1.403 121.5 114.1

G C10-C11 1.410 C7-C10-C11 120.0 C10-C11-026 120.6

S 1411 120.5 120.6

G C11-C12 1.405 C10-C11-C12 120.0 C12-C11-026 119.4

S 1.406 120.4 119.0

G C12-C13 1.380 C11-C12-C13 120.4

S 1.378 120.3

G C13-C14 1.413 C12-C13-C14 121.4

S 1.419 121.2

G C14-C9 1.403 C13-C14-C9 118.9

S 1.401 119.3

G C7=021 1.227 C14C9-C10 120.3

S 1.233 120.0

G C8=020 1.225 C9-C10-C11 119.1

S 1.231 118.9

G C11-026 1.358 C14-C9-C8 119.1

S 1.356 119.4

G C13-024 1.370 C4-C8-020 119.9

S 1.359 119.6

G C14-022 1.354 C9-C8-020 122.2

S 1.355 122.4

From the Table 10, the bond length C-C vary between 1.402 A and 1,496 A for the bi-
substituted ring by C=0 group. For the aromatic cycle substituted by hydroxyl groups, the bond length
values of C-C are lower (1.380-1.413 2\) than the previous ones. The bond length values of C=0 and
C-OH are (1.225-1.227 A) and (1.354-1.370 A) respectively.



Int. J. Electrochem. Sci., Vol. 13, 2018 5113

For the substituted rings, the bond angle values of C-C-C vary between 117° and 122° which is
closely comparable to 120°.

The solvent effect can be estimated by the determination of the difference between the
geometrical parameters calculated in the gas and aqueous phases. For the inter-atomic distances, this
difference for C-C bond is about 0.009A, whereas it is valued to 0.006 A for C=0 polarized bond. The
highest effect is observed for C13-O,4 whose bond length value decreases by about 0,011 Ain aqueous
phase.

Table 11. Some geometrical parameters of Quinizarin calculated at B3LYP/6-31G (d) level of theory
in gas (G) and in solvent (S).

Bond lenght (A) Bond angle (°) Bond angle (°)
G C3-C7 1.491 C3-C7-C10 118.0 C4-C8-025 119.7
S 1.490 118.2 119.3
G C7-Cl0 1.496 C7-C10-C9 120.7 C3-C7-026 119.7
S 1.489 120.5 119.3
G C9-C10 1.428 C10-C9-C8 120.7 C10-C7-026 122.3
S 1.435 120.5 122.5
G C8-C9 1.496 C9-C8-C4 118.0 C9-C14-021 120.7
S 1.489 118.0 121.0
G C4-C8 1.491 C8-C4-C3 1214 C13-Ci14- 1199
S 1.490 121.2 021 119.4
G Clo-C11 1.412 C7-C10-C11 1200 C10-C11- 120.7
S 1.411 120.0 023 121.0
G Cli-Ci12 1.402 C10-C11-C12 119.4 Ci12-Ci1- 119.9
S 1.406 119.5 023 119.4
G Cl12-C13 1.381 C11-C12-C13 121.0
S 1.377 121.0
G Cl3-Ci4 1.402 C12-C13-C14 121.0
S 1.406 121.0
G Cl14-C9 1.412 C13-C14-C9 1194
S 1411 120.0
G C7=026 1.225 C14-C9-C10 1196
S 1.231 119.5
G (C8=025 1.225 C9-C10-C11 1196
S 1.231 119.5
G Cl11-023 1.358 C14-C9-C8 119.7
S 1.357 120.0
G Cl14-021 1.358 C9-C8-025 122.3
S 1.357 122.5

The results given in table 11 show that the bond length C-C vary between 1.428 A and 1,496/&
for the bi-substituted ring by C=0 group. For the aromatic cycle substituted by hydroxyl groups, the
bond length values of C-C are lower (1.381-1.412) than the previous ones. The bond length values of
C=0 and C-OH are 1.225 and 1.358 respectively.
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For the substituted rings, the bond angle values of C-C-C vary between 118° and 122° which
agree well with the planarity of the molecule.

In presence of the solvent the bond lengths C-C undergo a variation which is about 0.0071&
whereas the bond length C=0 increase by 0.006 A.

3.6. Global molecular reactivity

Table 12. The calculated electronic parameters of Purpurin and Quinizarin.

Phase Etomo  EvLumo AE(EV) i Pl AE X n AN %IE

purp G -5.842 -2.368 3474 51174 5842 2368 4105 1.737 0.833 91.5
S -5.928 -2.627 3301 7.2426 5.928 2.627 4277 1.651 0.825

quini G -6.074 -2550 3.524 33206 6.074 2550 4312 1.762 0.763 89.0
z S -6.111 -2.731 3.380 49739 6.111 2731 4421 1.690 0.763

The highest occupied molecular orbital energy level (Enomo) is associated with the electron
donating ability of a molecule, that can explain the adsorption taking place on the interface (metallic
surface-inhibitory molecule) when the inhibitor possess delocalized electrons =. High values of Eqomo
are likely to indicate a tendency of the molecule to donate electrons to appropriate acceptor molecules
with low empty molecular orbital energy. The energy of the lowest unoccupied molecular orbital
(ELumo) Which is related to electron affinity signifies the electron receiving tendency of a molecule. A
low value of LUMO energy show more probability to accept electrons [79].

The energy gap between LUMO and HOMO is an important parameter in determining
molecular electrical transport properties because it is a measure of electron conductivity. On the other
hand, that is a function able to anticipate the reactivity of the inhibitor molecule in the adsorption
process on the metallic surface. When the energy gap value AE decreases the reactivity of molecular
system increases, the inhibitor efficiency is improved [80].

According to the results listed in Table 12, a smaller value of AE (3.474 eV) is found for
Purpurin in comparison to quinizarin (3.524 eV). Therefore, higher inhibition efficiency indicates that
the Purpurin is very reactive and can be easily adsorbed on the metallic surface, thus it can be
considered as effective corrosion inhibitor. This conclusion is in good agreement with experimental
results. In presence of the solvent the energy gap decreases by 0.173 eV for Purpurin, and 0.144 eV for
Quinizarin, this lets us to conclude that reactivity increases in presence of water as solvent which
promotes the electron transition and the charge transfer.

The dipolar moment provides information on the polarity of the whole molecule. High dipole
moment values are reported to facilitate adsorption by influencing the transport process through the
adsorbed layer [81]. From the table 12 the dipole moment (u) of Purpurin in gas is (5.1174 D) which is
higher than that of Quinizarin (3.3206 D), indicating that Purpurin molecule is strongly polarizable.
Several authors have stated that the inhibition efficiency increases with dipole moments values [82,83].
In addition, it is noted that the value of the dipole moment in presence of polar solvent (H;0) is p=
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7.2426 D for Purpurin and 4.9739 D for Quinizrin indicating that the polarization increases by 2.1252
and 1.6533 D for Purpurin and Quinizarin respectively in presence of the solvent . To sum up, the
reactivity of this molecule increases in aqueous solution.

The Calculated values of electronegativity (), the global hardness () are also presented in
Table 12. It is well known that the inhibitor with the least value of hardness is the most reactive and
vice versa, or in another way a soft molecule is more reactive than the hard one. As shown in Table 12,
the values of 1 for Purpuin are slightly lower than those obtained for Quinizarin in the both phases, this
explains that Purpurin is slightly more efficient against corrosion than Quinizarin.

The comparison between the values obtained for hardness and electronegativity in solvent
shows a slight variation of these parameters, indeed the electronegativity increase and the hardness
decrease in presence of solvent is due to the polarization, of the inhibitor molecule, involved by the
presence of polar solvent H,O.

The fraction of electrons transferred (AN) from inhibitor to carbon steel surface is another
important factor. The AN values are correlated to the inhibition efficiency resulting from electron
donation. The values of (AN) clearly revealed that the inhibition efficiency increased with the AN
increase [84].

The fraction of electron transferred, was calculated using the Equation below:

N = Xre — Xinn
2(Npe + Minne)

Where yee and yinn are the electronegativity of Fe and the inhibitor respectively, and can be
evaluated as mre and ninn are the global hardness of Fe and the inhibitor respectively. The theoretical
values of yreand g are 7 and 0 eVmol ™ respectively [85].

According to Lukovits study [86], if AN < 3.6, the inhibition efficiency increases with
increasing electron- donating ability at the metal surface. The obtained values of AN reported in Table
10 shows that the inhibitors are the donators of electrons and the iron surface is the acceptor.

One of the most important parameter in the determination of efficiency of the inhibitor is the
amount of electric charge exchanged between inhibitor and metallic surface when the adsorption
process takes place. From the results giving in table 11, it is shown that the charge transferred AN
(0.833) from Purpurin is slightly higher than that

calculated for Quinizarin (0.763) in vacuum this can explain that Purpurin is more efficient
than Quinizarin this result is in good agreement with the experiment. Furthermore, it is noticeable that
there isn't any solvent effect on the AN value of the Quinizarin, whereas a decrease of 0.008 is
observed for Purpurin.

12

4. CONCLUSION

The effect of hydroxyl group number on the adsorption behavior and corrosion inhibition of
anthraquinon derivatives has been studied on carbon steel electrode in 1 M HCI by using different
electrochemical measurements and quantum calculations at B3LYP/6-31G(d) level of theory. From the
experimental results mentioned above, it can be concluded that:
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- The inhibition efficiency increased with the decrease of the concentration of the inhibitors to
reach a maximum value at 10° M.

- The obtained results show the same trend from electrochemical impedance and the
polarization measurements.

- Polarization measurements show that these inhibitors can be classified as a mixed type
with anodic predominance.

- From the electronic parameters, it was found that inhibition efficiency increased when
the values of ELUMO and energetic gap (HOMO-LUMO) decrease and when the values of dipolar
moment and the fraction of transferred electrons increased.

- The inhibitor efficiency of anthraquinon derivatives depend on the number of the
hydroxyl group contained in these molecules, indeed it has been deduced that the high inhibitor
efficiency is observed for purpurin possessing the high number of OH group.
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