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ABSTRACT

The corrosion inhibition characteristics of Sulfaim&ne(SFM) on mild steel immersed in 1 M HCI solutwere
investigated. Weight loss, electrochemical impedaspectroscopy (EIS), potentiodynamic polarisafieBP) was
used as basis for studying the corrosion inhibitimhavior of the compound. The results show thatirthibition
efficiency increase with increase in SFM conceidratin the acidic solutions but decreases with @ase in
temperature. Specifically. Langmuir isotherm bets the data obtained suggesting chemical and physi
adsorption as the adsorption mechanism betwee&EM and the mild steel substrate. Polarization egrindicate
that compound is mixed-type inhibitor, affectingtboathodic and anodic corrosion currents. The nhaipgical
study indicated adsorption of inhibitor moleculas the surface of the mild steel. The density foneti theory
(DFT) was employed for theoretical calculationseTesults obtained from experimental measuremeamtstlaose
from theoretical calculations are in good agreement

Keywords: Mild steel; DFT; Acid corrosion; EIS; SEM

INTRODUCTION

Mild steel is an important material which finds widpplications in industry due to its excellent hadcal
properties and low cost[1]-[4]. It is extensivelged in various industries as construction matddalchemical
reactors, heat exchanger and boiler systems, stdeatks, and oil and gas transport pipelines. Toimize the
metal loss, corrosion inhibition programs are reggl{5]-[8]. The corrosion inhibition is achieved the addition of
inhibitor to the system that prevents corrosiothef metal surface.

The influence of the inhibitor upon metal corrosisroften associated with physical or chemical gatsan. This
phenomenon is related to the presence of heterosafid, O, and S) as well as multiple bonds or atanmangs in
the inhibitor[9]-[11]. Availability of non-bondedlgne pair) andr-electrons in inhibitor molecules facilitates
electron transfer from the inhibitor to the metalcoordinate covalent bond involving transfer oéatons from
inhibitor to the metal surface may be formed[125}[1
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The correlation between the inhibitor efficiencydathe molecular structure of organic compounds esn
extensively investigated[16]-[18]. The theoretisaldy of the inhibition efficiency of this SFM waarried out by
DFT method. They found a close correlation betwgeantum mechanical parameters such as energy gags,
dipole moment and inhibition efficiency of the coonmd.

The objective of this work is to investigate therogion inhibition properties of SFM, namely SFM miid steel in
1.0 M HCI using electrochemical techniques, weifgigs, and quantum chemical calculations. The sctiema
representation of the structure is presented inFig
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Fig. 1 Chemical structure of Sulfamerazine

MATERIALS AND METHODS

2.1.Electrodes and chemicals and test solution

Corrosion tests have been performed, using theirgedsic and electrochemical measurements, on eléef cut
from sheets of carbon steel with the chemical casitjpm: 0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016%9.077
% Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % &nd the remainder iron.

The aggressive medium of molar hydrochloric aciedufer all studies were prepared by dilution oflgtigal grade
37% HCI with double distilled water. The conceritias of SFM used in this investigates were varieanf0.0001
to 0.005M.

2.2. Gravimetric measurements

Gravimetric measurements were realized in a douwtdded glass cell equipped with a thermostat-caplin
condenser. The carbon steel specimens used haaamgular form with dimension of 2:62.0 x 0.2 cm were
abraded with a different grade of emery paper @20-1200) and then washed thoroughly with distilketer and
acetone. After weighing accurately, the specimeaevimmersed in beakers which contained 100 ml saligtions
without and with various concentrations of SFManhperature equal to 303 K remained by a water thstan for
6h as immersion time. The gravimetric tests weréopmed by triplicate at same conditions.

The corrosion ratesC) and the inhibition efficiencyn( ,%) of carbon steel have been evaluated from mass los
measurement using the following equations:

C~= l (1)

_ CR—Cr
R

7,.% x 100 @)

Where w is the average weight loss before and akposure, respectively, S is the surface areampke, t is the
exposure time¢y andCy, is the corrosion rates of steel without and wiid EFM inhibitor, respectively.

2.3.Electrochemical tests

The potentiodynamic polarization curves were cotetlitising an electrochemical measurement system FXBZ
Potentiostat/Galvanostat controlled by a PC suppofliy the Voltamaster 4.0 Software. The electrodtam
measurements were performed in a conventional #lestrode glass cell with carbon steel as a wgrkilectrode,
platinum as counter electrode (Pt) and a satureddainel electrode used as a reference electrode.wiking
electrode surface was prepared as described abmwémgtric section. Prior to each electrochemicst tan
immersion time of 30 min was given to allow thebdfaation system at corrosion potential. The pialation curves
were obtained by changing the electrode potentitdraatically from -800 to -200 mV/SCE at a scarraft 1 mV
s-1. The temperature is thermostatically controfiedesired temperature £1K.The percentage proteetificiency
(n,%) is defined as:
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1o, =1
r] o (%) — cori > corr_ w 100 (3)

Where,I%,,, are corrosion current in the absence of inhibiworr are corrosion current in the presence oibitdr.
Electrochemical impedance spectroscopy (EIS) measemts were carried out with same equipment used fo
potentiodynamic polarization study (Voltalab PG2)1@t applied sinusoidal potential waves of 5mV hiuges
with frequencies ranging from 100 KHz to 10 mHzatrosion potential. The impedance diagrams arergim the
Nyquist representation. The charge transfer resistdR;) was determined from Nyquist plots and double daye
capacitance (Cdl) was calculated from CPE parametithe equivalent circuit deduced using Zviewtsafe. In
this case the percentage protection efficiengy%) is can be calculated by the value of the chargesfer
resistance (B
0
N, 06)= 4 Rk 100 @

ct
Where&r?; and Rct were the polarization resistance of ubitdul and inhibited solutions, respectively.

2.4, density functional theory (DFT) method

Quantum chemical method is usually used to invatgighe relationship between the inhibitor molecplaperties
and its corrosion inhibition efficiency[17], [18The properties include orbital energy, charge dgrasid combined
energy, etc.[19]. Some studies have investigatedcthrelation between the inhibitor molecular dinoe and its
efficiency, but much less attention has been paiditulate the adsorption mode of the inhibitor #mel metal.
Quantum chemical calculations were performed ugiegsity functional theory (DFT) with the Beck’s dlr
parameter exchange functional along with the Leag¥Barr non local correlation functional (B3LYP)[2(R1]

with 6-31G (d, p) basis set is implemented in Gauns®3 program package[22]. This approach is shtmwyield

favorable geometries for a wide variety of systefitse following quantum chemical parameters werduated
from the optimized molecular structure: the dipmlement (u), the energy of the highest occupied outde orbital
(Enowmo), the energy of the lowest unoccupied moleculdital (E .uwo), the energy band gap\Eg., = Eiomo —

E umo), the electron affinity (A), the ionization poteit(l) and the number of transferred electrofil),

RESULTS AND DISCUSSION

3.1. Polarization results

The corrosion of mild steel electrode in 1.0 M Holutions containing various concentrations of kafpamide
derivative was studied by potentiodynamic polartatInhibition efficiencyny(%) was calculated by applying a
relationship described in Eq. (3). Typical potedyinamic polarization curves for mild steel in 1.MHI@ the
absence and presence of different concentratiomlabitor are shown in Fig. 2, while the electrootieal
parameters derived from the polarization curvessammarized in Table 1.

It is reported[23]that if the shift in corrosion tpatial exceeds +85 mV with respect to corrosioteptial of the
uninhibited solution, the inhibitor acts as eittarodic or cathodic type, the shift ingf values of the inhibited
systems compared to the acid blank is less tham®80 suggesting that the studied compoundis mixgzk ty
inhibitor[17], [24].

Table 1. Polarization data of carbon steel in 1.0 NHCI without and with various concentrations of SFMat 303 K

Inhibitor Conc -Ecorr -pc I corr Nrafel (5]
(M) (MVISCE) (mVdec) @Acm? (%)
Blank - 496 162 564.0 - -
5.10° 474 176 36.17 93.59 0.9359
SFM 1.10° 478 167 45.84 91.87 0.9187
5.10* 470 183 87.22 84.54 0.8454
1.10* 473 169 137.36 75.65 0.7565

That is, they inhibit both the anodic dissolutidmaild steel and the cathodic'kbn reduction[18], [25]. The values
of the cathodic gc) Tafel slope do not show any uniform trend, whadmin confirms mixed type inhibition
mechanism of the studied sulphonamide derivatije[2@ decrease of the corresponding current dessitiith
increasing inhibitor concentration is due to thexfation of anodic protective films on the electrateface[27].
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Fig. 2.Polarisation curves of carbon steel in 1.0 MICI for various concentrations of SFM at 303K

3.2. Electrochemical impedance spectroscopy measuonents

Electrochemical impedance measurements were ukdertédo provide information on the kinetics of the
electrochemical processes at the mild steel/a¢@tface and how this is modified by thepresencmlibitor[28].
Nyquist plots for mild steel corrosion in 1.0 M H&3lution in the absence and presence of diffexententrations
of the inhibitor is given in Fig. 3, the impedangarameters deduced from the analysis of Nyquigirdim and
values ofz (%) are given in Table 2. As it can be seenjripmedance response of mild steel in uninhibitedtsmh
has significantly changed after the addition of SHMuble layer capacitance valuesyJ@nd charge-transfer
resistance values (Rct) were obtained from impeglaneasurements. The double layer capacitance vEDygss
evaluated from constant phase element CPE (Q,thparharge transfer resistance value (Rct), usiaddllowing

relation:
Ca = | , QR ™ (5)

Where Q is the constant phase element (CPE) ansl a ¢oefficient can be used as a measure of surface
inhomogeneity.
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Fig. 3.Nyquist diagrams for carbon steel in 1.0 M &I containing different concentrations of SFM at 3@ K
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Table 2. Impedance parameters for corrosion of cann steel in 1.0 M HCI in the absence and presencédifferent concentrations of

SFM at 303 K
Inhibitor ~ Conc Ret Qx10* Cu 1 2}

M  (Qcn?) n (Q'cm?) (WFcm?d) (%)

Blank - 29 .35 0.91 1.7610 91.63 - -
5.10° 403.00 0.81 0.2876 10.11 92.72 0.9272

SFM 1.10° 24475 0.79 0.4376 13.10 88.01 0.8801
5.10° 162.87 0.82 0.8912 35.19 81.98 0.8198
1.10° 141.08 0.80 1.0978 38.78 79.20 0.7920

By increasing the inhibitor concentration,Rct valncreased. A large Rhas associated with a slower corroding
system. Furthermore, better protection providedmynhibitor could be associated with a decreasajmacitance of
the metal[29], [30]. Suitable equivalent circuitused to simulate the impedance data in the preseh&FM as
shown in Fig. 4, The introduction of CPE into thiecgit was necessitated to explain the depressibthe
capacitance semicircle, which corresponds to serfeterogeneity resulting from surface roughnesgurities, and
adsorption of inhibitor[31]. The impedance of teiement is frequency-dependent and can be caldulsiag the
Eq. 6[32]:

— 1 6
ZI‘_'PE - Q':jm:'n ( )

Where Q is the CPE constant (i'S" cm?), o is the angular frequency (in rad)sj2 = -1 is the imaginary number
and n is a CPE exponent which can be used as & dauthe heterogeneity or roughness of the surface

Rs CPE
— N\ >
Ret

N\

Fig. 4.Equivalent electrical circuit correspondingto the corrosion process on the carbon steel in hyachloric acid

3.3. Weight loss tests

Corrosion parameters namely, corrosion raig,(Surface coverag®) and inhibition efficiency( %) of mild steel
in 1.0 MHCI solution in the absence and presencdiftérent concentrations of inhibitor at 303 K,taimed from
weight loss measurements are shown in Table 3amd5FiFrom Table 3, and Fig. 5 it is apparent thhtbition
efficiency increased with increasing the conceitiraof the inhibitor. The inhibition efficiency 8FM at 5.1G M
was found to be 94.19, at 303 K (Table 3). Thedase in inhibition efficiency and decrease in theasion rate
with increasing concentration of inhibitor is dueitcrease in the surface coverage, resultingdatian of metal
dissolution[33].

Table 3. Corrosion parameters obtained from weightoss measurements for carbon steel in 1.0 M HCI ctaining various concentration
of SFM at 303 K

Inhibitor ~ Concentration Cr MNw (5]
(M) (mgcm?h™) (%)
Blank - 1.135 - -
5.10° 0.066 94.19 0.9419
SFM 1.10° 0.109 90.43 0.9043
5.10* 0.176 84.52 0.8452
1.10° 0.239 78.96  0.7896
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Fig. 5.Relationship between the corrosion rate, thehibition efficiency and SFM concentrations for seel after 6 h immersion in 1.0 M
HCl at 303 K

3.4. Effect of temperature

The effect of temperature on the inhibited acid-ahetaction is very complex, because many changesr @n the
metal surface such as rapid etching, desorptiantulbitor and the inhibitor itself may undergo deguosition. The
change of the.),, at selected concentrations of SFM at differentperatures (303—-333 K) was studied in 1.0 M
HCI, both in the absence and presence of SFM ukafgl polarization technique. Inspection of theutessobtained
reveals that the corrosion rate increases withteaing the temperature both in uninhibited andbitéd conditions,
the inhibition efficiency of SFM decreases on imgiag solution temperature; these results sugdesdt the
temperature can modify the interaction betweemihé steel electrode and the acidic medium in theeace and in
the presence of the inhibitor[34]-[36].
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Figure 6. Arrhenius plots for mild steel in 1.0 M HCl and 1.0 M HCI + 5.10° M SFM
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Fig. 7. Transition state plots for mild steel in 10 M HCl and 1.0 M HCI + 5.10° M SFM

In order to calculate the activation energy for¢berosion reaction, the Arrhenius Eq. 7 was usgi[30]:
_Ea
Cr =k exp (F) (7

Where G is the corrosion rate, R the gas constant, T ieolate temperature, A the pre-exponential factdre
apparent activation energies,(End pre-exponential factors (k) at 5*1Blof inhibitor are calculated by linear
regression between Ing}) and 1/T (Fig.6), and also the results shown ibl&&. The linear regression coefficientis
close to 1, indicating that the mild steel corrasio hydrochloric acid can be elucidated usingkimetic model.lt is
evident from Table 5 that the value of the appaaetivation energy for the inhibited solution wéigher than that
for the uninhibited solution, indicating that thissblution of mild steel was decreased due to ftiomaof a barrier
by the adsorption of the inhibitor on metal surfa@é, [39].

Table 4.The influence of temperature on the electchemical parameters for carbon steel electrode immged in 1.0 M HCland 1.0 M
HCl +5.10° M SFM

Inhibitor Temp -Ecorr 'ﬁc I corr NTafel
(K) (mV/SCE) (mVdech) (mAcm?) (%)
303 496 162.5 564 -
Blank 313 498 154.5 773
323 492 176.0 1244
333 497 192.0 1650 -
303 474 176.0 36.17 93.59
SFM 313 475 170.2 97.25 87.42
323 468 168.23 250.87 79.83
333 470 179.62 467.45 71.67
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Fig. 8.Potentiodynamicpolarisation curves of carborsteel in 1.0 M HCI at different temperatures
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Fig. 9.Potentiodynamicpolarisation curves of carborsteel in 1.0 M HCl in the presence of 5.170M SFM at different temperatures

Other activation parameters can be evaluated flwmeffect of temperature. Enthalpy and entropy ativation
were calculated using the alternative form of Anibs[40], [41]Eqg. 8:

Co=iew (Few (-57) @
Where, h is the Planck's constant, N is the Avogiadnumber, R is the molar gas constant and Teisabisolute
temperature. Straight lines were obtained with @esland an intercept (Fig. 7) from which the atibra
thermodynamic parametefdia andASa were calculated, as listed in Table 5. The wabidca and\H are close to
each other, as expected from the concept of tiansitate theory, and follow the same pattern afation with
different concentrations of the inhibitor. The nédgma value ofAS for inhibitor indicate that the formation of the
activated complex in the rate determining stepasgnts an association rather than a dissociatgy steaning that
a decrease in disorder takes place during the eairthe transition from reactants to activated plex|42], [43].
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Table 5.Corrosion kinetic parameters for mild steein 1.0 M HCl in the presence and absence of 5.0 SFM

Inhibitor Ea AH, AS, Ea-AH,
(kd/mol)  (kJ/mol)  (J mol-1 K-1)

Blank 31.00 28.35 -98.8 2.65

SFM 72.46 69.83 15.83 2.63

3.5. Adsorption considerations

The adsorption of organic molecules provides infmion about the interaction among the adsorbed cutds
themselves as well as their interaction with tleztebde surface.Tafel polarization technique isleygd to find out
the values of surface covera@et different inhibitor concentrations, these valage used to explain the best fit
isotherm to determine the adsorption process. Betatested graphically by fitting to various isaths. In the
temperature range studied, the best correlatiowdsst the experimental results and the isothermtifumds
obtained using Langmuir’s adsorption isotherm.Langi® adsorption isotherm is given by the Eq. (9)

= = +C, ©)

Where, C is the concentration of the inhibitor, Kasl the equilibrium constant of adsorption @nid$ the surface
coverage.
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Fig. 10.Langmuir adsorption of SFM on the carbon stel surface in 1.0 M HCI solution at 303K

Table 5. Thermodynamic parameters for the adsorptia of SFM in 1.0 M HCI on the Carbon steel at 303K

Inhibitor  Slope Ki(M™) AG°aq(kd/mol)
SFM 1.06261053b.72

The value of K is related to the standard free gynef adsorptionAG®,4s by the following equation:
AGY;s = —RTIn(K * 55.5) (10)
Where the value 55.5 is the water concentraticsolation expressed in molL

The values of adsorption constant, slope, and ficeaelation coefficient (§ can be obtained from the regressions
between & and C, (Fig.10) and the results are listed in &dhl The result shows that the linear correlation
coefficient and the slope are close to one andionthat the adsorption of SFM in 1.0 M HCI followike
Langmuir adsorption isotherm.The negative valuesAGfys ensure the spontaneity of adsorption process and
stability of the adsorbed layer on the metal s@fféd], [45]. Generally, values oAG.q9) Up to =20 kJ/mol are
consistent with the electrostatic interactions leetwthe charged molecules and the charged metgdigoinption)
while those around —-40 kJ/mol or higher are assediavith chemisorption as a result of sharing ansfer of
electrons from polymer molecules to the metal surf® form a coordinate type of bond (chemisorptidine value
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of AG,gs listed in Table 5 indicate the both chemisorption physisorption of SFM on the mild steel surfdog[
[46], [47].

3.6. Quantum Chemical Calculations

Quantum chemical calculations are utilized to asdriwhether there is a clear relationship betwienmolecular
structure of the SFM inhibitor and its inhibitioffext. The structure parameters of the SFM inhibdee used to
elucidate the inhibition mechanism in the presentrkw The equilibrium geometry structures and thenfier
molecule orbital density distributions of the malkcare shown in Fig. 11 and the quantum chemigedpeters are
listed in Table 6.

Figurell. Optimized structures and Frontier molecuar orbital density distributions HOMO (left) and LU MO (right) of SFM

From Table6, the high value of dipole moment prdpaicreases the adsorption between chemical congpand
metal surface [44]. The adsorption of SFM molecui®sn the aqueous solution can be regarded as si-qua
substitution process between the SFM in the aqupbase [SFM (sol)] and water molecules at the eddetsurface
[H,0 (ads)].

Enowmo is often associated with the capacity of a moketaldonate electron. High value qfdmo probably indicates
a tendency of the molecule to donate electronspgragriate acceptor molecules with low energy angptg
molecular orbital. By indicates the ability of the molecule toacceptetms. The lower the value of k0, the
more probable is that the molecule would accepttedas [45]. According to frontier orbital theoe reaction of
reactants mainly occurs on HOMO and LUMO [46]. Froable 6, the high value ofyguo (-5.93317eV) is likely
to indicate a tendency to donate electrons to gpat@ low-energy acceptor states. Increasing gatiehe Eovo
facilitate adsorption (and therefore inhibition) mfluencing the transport process through the dusb layer.
E umo indicates the ability of the molecule to accegictons; hence these are the acceptor states.oWee the
value (-1.04954eV) of gwo, the more probable it is that the molecule wouldept electrons [47].

Another method to correlate inhibition efficiencytiivparameters of molecular structure is to cakeuthe fraction
of electrons transferred from inhibitor to metaftfage. According to Koopman'’s theorem [48],0mo and Eywo of
the inhibitor molecule are related to the ionizatjpotential (I) and the electron affinity (A), respively. The
ionization potential (I) and the electron affin{t) are defined as follows:
I = -Enomo (11)
A=-Eumo (12)

Then absolute electronegativity) (and global hardnessg)(of the inhibitor molecule are approximated adofeb
[49]:
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— I +A
72 (13)
_1-A
72 (14)
Thus the fraction of electrons transferred fromititebitor to metallic surfacepN, is given by [50]:
AN = Xre ~ Xinn
2(’7Fe +’7inh) (15)

To calculate the fraction of electrons transfettesitheoretical values gf47 eV mol*) and ofne. (0 eV mol') are
used [51]. The calculated results are present@dlite 6.

Table 6.Calculated quantum chemical parameters ofhe studied compound

M (debye) TE(eV) fwo(eV) Euwo(eV) AEg(eV) x(eV) n(eV) AN
SFM__ 7.1408 -32490  -5.93317  -1.04954  4.88363  3.491  2.44Q.718

Generally, value oAN shows inhibition efficiency resulting from eleotr donation, and the inhibition efficiency
increases with the increase in electron-donatiritityalbto the metal surface. Value @fN show inhibition effect
resulted from electrons donation. According toLukss study [52], ifAN < 3.6, the inhibition efficiency increases
with increasing electron-donating ability at thetatesurface.Based on these calculations, it is ebgplethat the
synthesized inhibitor is donor of electrons, anel gteel surface is the acceptor, and this faveematal adsorption
of the inhibitor on the electrode surface. Hereittigbitor binds to the steel surface and formsadsorption layer
against corrosion. The SFM inhibitor shows the bighinhibition efficiency because it has the highd®MO
energy and this reflects the greatest ability dérrig electrons. It can be seen from Table 6 thatability of the
inhibitor to donate electrons to the metal surfadaich is in good agreement with the higher inldbitefficiency of
the SFM inhibitor.

CONCLUSION
The following conclusions can be drawn from thalsts.

» The Sulfamerazine show good inhibition efficiendi@sthe corrosion of mild steel in 1.0 MHCI solutis and the
inhibition efficiency increases on increasing camcation of the inhibitor and decreases with inegean
temperature.

» The variation in the values @t (Tafel slope) and the minor displacement gf.Bith respect to E,, of the blank
indicate that the inhibitoris mixed type in nature.

* EIS measurements show that the charge transfatanse (Rct) increases and the double layer capaeit(G)
decreases in the presence of the inhibitors whigdliéd the adsorption of the inhibitor moleculestba mild steel
surface.

» The adsorption of the inhibitor was found to bergpoeous and obey the Langmuir adsorption isottieaturing
competitive physisorption and chemisorption mecsrasi

» Quantum chemical calculations showed a good agneteledween the theoretical and experimental results
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