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ABSTRACT

1,4-Diaminobenzene was studied for its electrochahimfluence on the corrosion behaviour of mildedtin dilute
H,SQ, and HCI acid at ambient temperature with the apiion of weight loss technique, open circuit ptgn
measurement and potentiodynamic polarization ®etults show the inhibition efficiency of the oligaterivative
varied with concentration with maximum inhibitiofii@ency of 70% and 78.2% at 0.093M inhibitor centration
in H,SQ, acid and a maximum inhibition efficiency of 81.a%@ 94.3% at 0.069M inhibitor concentration in HCI
acid from weight loss and polarization tests pravio be more effective in HCI. Potential measurdammesults
varied, with passivity potentials being maintairsdpecific concentrations. SEM observations shaaveignificant
morphological appearance with contrasts micrografitesn uninhibited samples. X-ray diffractometry fioned
the absence of reaction products and phase conwplassociated with corrosion. Statistical analysieowed
relevance and statistical significance of concetitra and exposure time on the inhibition performart 1, 4-
diaminobenzene.

Keywords: corrosion; diaminobenzene; steel; inhibition; asidphuric; hydrochloric

INTRODUCTION

Corrosion of mild steels in aqueous environmenta orldwide engineering problem ranging from cesioo of
steel structures in oil production and refining qaeses to metal extraction, chemical processingtqlanarine
applications, the automobile industries etc. éstihe preferred material of construction due ¢datv cost and easy
availability. The corrosion phenomenon that takéscep on mild steel is complex and miscellaneous ttue
differential anodic and cathodic surface reactiesson the steel surface. Use of chemical compodmndwn as
inhibitors is one of the most economical technigfmsmitigation against mild steel corrosion. Thwhibitors
interact with reactive sites, influencing the etechemical reactions or obstructing the electrolytansport of
corrosive ions from the solution to the metal/siolutinterface [1]. A significant number of high femance
inhibitors applied in industry are of organic origionsisting mainly of oxygen, sulfur, nitrogenrasy and multiple
bonds in their molecules that facilitate adsorptornthe metal surface [2-6]. Their corrosion indim efficiency is
directly related to their adsorption charactersstituie to the presence of valence electrons, hébvengaand the
degree of solubility and dispersion [7, 8]. Theséance greater adsorption of the inhibitor molezwato the
surface of the steel. Notable work has been donth®mise of organic molecules for corrosion inkditof metals
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in interaction with aggressive aqueous solutiond R To further establish and encourage the usergénic
inhibiting compound for corrosion control due tceithecological advantages this research aims tesasthe
electrochemical behaviour of 1,4-diaminobenzendX)Pdh aromatic amine derivative on the corrosidmbition of
mild steel in dilute sulphuric and hydrochloricddPPD is used as a precursor to aramid plastiddilaers such as
kevlars. It is easily oxidized thus it is used aiazonants in the productions of rubber produtte aquatic Lk,
of PPD is 0.028 mg/L, its exposure in the dietaté rand mice showed no clinical signs of toxicity{19]. The Log
P value of PPD is -0.3 [20]. It is used as a comimain dye. The carcinogenicity of 1,4-diaminoberezém humans
has established as not classifiable [21, 22]

MATERIALS AND METHODS

Material

The mild steel used for this work was obtained fr6teel Works, Owode, Nigeria and analyzed at theliag
Microscopy and Triboelectrochemical Research Lalooya Department of Chemical and Metallurgical
Engineering, Tshwane University of Technology, ®oifrica. The mild steel has the nominal per ce) (
composition: 0.401% C, 0.169% Si, 0.440% Mn, 0.00390.012% S, 0.080% Cu, 0.008% Ni, 0.025% Al, tred
rest being Fe.

Inhibitor

1, 4-diaminobenzene (PPP-phenylenediamine as a common name) a whitish @dfid granules is the compound
used for corrosion inhibition. The molecular formi$ GH, (NH,),, while the molar mass is 108.1 g mfolThe
chemical structure of PPD is shown in Fig. 1.

NH,

HoN
Figure 1 Chemical structure of 1, 4-diaminobenzengPPD)

PPD was prepared in molar concentrations of 0.0ZBB45M, 0.069M, 0.093M%, 0.116M and 0.139M per &0
of the acid media respectively.

Test Media
0.5 M sulfuric acid and 0.5 M hydrochloric acid vi8.5% recrystallized sodium chloride of Analardgavere used
as the corrosion test media.

Preparation of Test Specimens

A cylindrical mild steel rod with a diameter of B4mm was carefully machined and cut into a numbjetest
specimens of average dimensions in length of 6 ABimm hole was drilled at the centre for suspanside steel
specimens were then thoroughly rinsed with digtilleater and cleansed with acetone for weight losdyais. The
potentiodynamic polarization technique involvedngding the two surface ends of each specimen witbosi
carbide abrasive papers of 80, 120, 220, 800 af0 #@ts before being polished with Gién to 1.0um diamond
paste, washed with distilled water, rinsed withtewe, dried and stored in a desiccator beforedsie t

Weight-loss Experiments

Weighted test species were fully and separatelyamed in 200 ml of the test media at specific cotredions of
the PPD for 360 h at ambient temperature dfC2%ach of the test specimens was taken out exzty, Washed
with distilled water, rinsed with acetone, driedlae-weighed. Plots of weight-loss (mg) and coonsiate (mm/y)
versus exposure time (h) (Figd, 3, 6 & 7) for the two test media and those efcpntage inhibition efficiency
(%IE) (calculated) versus exposure time (h) and peagenPPD concentration (Fig. 4, 5, 8 & 9) were miade
Tables 1 & 2.

The corrosion rateR) calculation is from this equation 1:
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|

87.6W
DAT] (1)
Where W is the weight loss in milligrams,D is the density in g/cfp A is the area in
cn?, andT is the time of exposure in h. ThedE4wvas calculated from the relationship in equation 2

%IE = [%] x 100 )

W; andW, are the corrosion rates in the absence and presd#naredetermined concentrations of PPD. THE %
was calculated for all the inhibitors every 72 ridg the course of the experiment, while the swfaoverage is
calculated from the relationship:

0 = [1—%] ©)

Where# is the substance amount of adsorbate adsorbegtgrar(or kg) of the adsorbemy; andW, are the weight
loss of mild steel coupon in free and inhibiteddaailoride solutions respectively.

Open Circuit Potential Measurement (OCP)

A two-electrode electrochemical cell with a sihgiier chloride was used as reference electrodee Th
measurements of the OCP were obtained with AutBl@BTAT 30 ECO CHIMIE potentiostat. Resin mountext te
electrodes/specimens with exposed surface of 165weme fully and separately immersed in 200 ml of tist
media (acid chloride) at specific concentrationd®D for a total of 288 hours. The potential ofteat the test
electrodes was measured every 48 hours. Plotstehia (mV) versus immersion time (h) (Fig. 10 &)Xor the
two test media were made from the tabulated vdlu&sable 3 & 4.

Potentiodynamic Polarization

Potentiodynamic polarization measurements wereethout using, a cylindrical coupon embedded imnregastic
mounts with exposed surface of 165 fifhe electrode was polished with different graslesilicon carbide paper,
polished to 6um, rinsed by distilled water and dried with acetofide studies were performed at ambient
temperature with Autolab PGSTAT 30 ECO CHIMIE pdiestat and electrode cell containing 200 ml of
electrolyte, with and without the inhibitor. A gt@ife rod was used as the auxiliary electrode aherschloride
electrode (SCE) was used as the reference electrdtte potentiodynamic studies were then made frbraV
versusOCP to +1.5 WersusOCP at a scan rate of 0.00166 V/s and the corrasiorents were registered. The
corrosion currenti{;), corrosion current density.{ and corrosion potentiaEf;) were determined from the Tafel
plots of potentialversuslog |I. The corrosion rateR), the degree of surface coveragh énd the percentage
inhibition efficiency (%E) were calculated as follows

_ 0.00327 X jr X Egq
D

R 4)

Wherej, is the current density inA/cm?, D is the density in g/c?‘nEq is the specimen equivalent weight in grams.
The percentage inhibition efficiency (B was calculated from corrosion rate values udigetquation.

%IE = 1 —2x 100 (5)
Ry

R;andR; are the corrosion rates in absence and preseriRefrespectively.

Scanning Electron Microscopy Characterization

The surface morphology of the uninhibited and iiteib steel specimens were investigated after wéagst
analysis in 0.5 M k50O, and 0.5 M HCI solutions using Jeol JSM - 7600F UARalytical FEG SEM, a state of-
the-art Ultra-High Resolution Analytical Thermalekl Emission Gun Scanning Electron Microscope which
successfully combines ultra-high resolution imagimigh optimized analytical functionality. SEM migmphs
images were taken and recorded.
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X-Ray Diffraction Analysis

X-ray diffraction (XRD) patterns of the film formesh the metal surface with and without PPD additioere
analyzed using a Bruker AXS D2 phaser desktop powdiféractometer with monochromatic CueKradiation
produced at 30 kV and 10 mA, with a step size 08®6. The measurement program is the general scanratmie

Statistical Analysis

Two-factor single level statistical analysis usiAflOVA test (F-test) was performed so as to investigate the
significant effect of inhibitor concentration angpesure time on the inhibition efficiency valuestibé PPD in the
acid media.

RESULTS AND DISCUSSION

Weight-loss measurements

Weight-loss of the steel at various time intervalghe absence and presence of PPD concentratiéns M H,SO,
and 0.5 M HCI acid at 2& was studied. The values of weight-lo¥¥),(corrosion rateR) and the percentage
inhibition efficiency (X%E) are presented in Table 1 & 2. FR&) 3, 4, 6, 7 & 8 shows the variation of weigtsdp
corrosion rate and percentage inhibition efficiemeysus exposure time at specific PPD concentratiuite Fig 5

& 9 shows the variation of %IE with inhibitor comteation. In Fig 5 there is a progressive increase ilE%alues
from 0.023M PPD till 0.093M PPD, after which théBecline sharply due to desorption and lateralilspn of
the inhibitor molecules from the steel surface. rgbitor is unable to form a compact protectivsrier necessary
for inhibition but simply dissipates into the satut. At 0.023M PPD the % is far below acceptable minimal
performance for inhibitors. The effectiveness &OPin this solution is significant between (0.046M).093M)
with a maximum %E of 70% at 0.093M PPD. Thel% values in Fig.6 showed a compound whose inhibition
efficiency performance is well above average a6@\0 PPD (81%), before and after which there is@ypssive
increase and decline oflibvalues far below the minimal acceptable valuesféective inhibition. This shows PPD
to be specific in action; its B is highly dependent on its concentration

The mode of inhibition is by adsorption to the k®m&face, due to the formation of a compact prtotecbarrier
through electrostatic attraction and the catiomiarge of the protonated PPD molecule in solutioickviseems to
affect the cathodic sites of the specimen and #scanodic sites by virtue of donation of the etmtipair on the
nitrogen atom of the unprotonated molecule [23]e Tresence of PPD in acidic solution inhibits tlyerbgen
evolution, oxygen reduction and the anodic dissmtuprocesses. This is understood to be mixed itidibreaction
and control over the redox process. The strongradle of PPD on the steel is due to donor accépteractions
between the pi-electrons of the nitrogen atomsthad/acant d-orbital of steel surface atoms, aratdtion of PPD
with already adsorbed corrosive ions [24]. Thehithig efficiency of PPD as shown in the figureghs relative
reduction in corrosion rate which is quantitativeglated to the amount of adsorbed PPD on the nsetdhce.
Corrosion reactions are inhibited from occurringelothe active sites of the metal surface coveredPBYD
molecules, whereas the corrosion reaction occursaity on the surface at inhibitors free area.

Table 1 Data obtained from weight loss measurementer mild steel in 0.5 M H,SO, in presence of specific concentrations of the PP

432 h
Inhibitor Weight | Corrosion | Inhibition
Sample Concentration Loss Rate Efficiency
(%) (mg) (mmy) (%)
A 0 1.86: 10.521 0
B 0.25 1.73 10.1436 7.1
C 0.5 0.657 3.8479 64.7
D 0.75 0.609 3.106 67.3
E 1 0.559 2.8799 70.0
F 1.25 2.13 11.8387 -14.3
G 1t 1.927 10.983¢ -34
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Table 2 Data obtained from weight loss measurementsr mild steel in 0.5 M HCl in presence of specii concentrations of the PPD at

432 h

Inhibitor Weight Corrosion Inhibition
Sample Concentration Loss Rate (mmly) Efficiency

(%) (mg) (%)

A 0 2.146 14.751 0
B 0.25 1.167 7.32 37.7
C 0.5 0.362 1.89 81.1
D 0.75 1.851 8.84 18.2
E 1 0.952 6.29 43.6
F 1.25 1.086 7.23 40.0
G 15 1.198 7.9976 35.3
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Figure 2 Variation of weight-loss with exposure tine for samples (A — G) in 0.5 M HSO,
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Figure 4 Plot of inhibition efficiencies of sampléA-G) in 0.5 M H,SO, during the exposure period
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Figure 5 Variation of percentage inhibition efficiency of PPD with inhibitor concentration in 0.5 M H,SO,
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Figure 6 Variation of weight-loss with exposure tine for samples (A — G) in 0.5M HCI
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Figure 7 Effect of percentage concentration of PPBn the corrosion rate of mild steel in 0.5M HCI
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Figure 9 Variation of Inhibition efficiency of PPD versus PPD concentrations from weight loss analysiis 0.5 M HCI

Open Circuit Potential Measurement

The open-circuit potential value of the steel efed¢s was monitored for 288 hours in the acid gmigtas shown in
Table 3 & 4. Fig10 &11 shows the variation of open-circuit potalstiwith time in 0.5 M HSQ, and 0.5 M HCI

chloride solutions respectively in the absence @iedence of specific concentrations of PPD inligitompound.
At 0% PPD concentration in both solutions, rapidrasion takes place on the steel electrode as wbddrom the
potential readings (Table 3 & 4). The potentialues at this concentration progressed significaothyards negative
potentials, due to anodic dissolution. Observatidrirable 3 (0.023M PPD) showed potential value balow

passivity potential. Active corrosion is taking gaat this potential which corresponds with thesgdfom weight-
loss analysis. The potential value from 0.046M RP@O093M PPD showed drastic transition to nobleesliwithin

the domain of passivity due to strong adsorptio®®BD cations on the steel through physiochemicahargsm.

Lateral attraction is also likely to play a majote in the formation of a protective film necesstaryprevent attack
of corrosive species. Beyond 0.093M PPD activeasion resumes to weak adherence of the inhibitdecutes

onto the steel and also laterals repulsion betwleemolecules which causes a collapse of the pregefiim thus

exposing the steel to corrosion.

The potential values in HCI solution (Fig.11) shavgharp contrast form Fig.10 due to differentiacelochemical
mechanism of inhibition of PPD in the solution. Withe exception of 0.046M PPD every other concéntra
recorded values negative potential values well whith domain of active corrosion. The potential eat 0.046M
PPD is with the values that results in the passinadf the steel surface i.e. the formation of atective film

responsible for corrosion inhibition which is wslistained throughout the immersion period. Themntiatevalues
for PPD inhibitor is highly dependent on the infige of PPD on the electrochemical reaction resptm$or the

corrosion of mild steel and the secondary prodfatsied. The values obtained are not linearly propoal to the
inhibitor concentration but dependent on the int#awular interactions of PPD molecules, reactiothefmolecules
with the corrosive species and the reaction pretigs capable of forming a protective barrier ocalyspecific
concentrations. The negative potentials obtaineH@ is probably due to the formation of ammoniuhiocide

which itself is acidic. When PPD protonates in foluit acquires a positive charge wherewith it tomes with the
excess chloride ions in solution to produce ammmonithloride one of the byproducts of the electrodicam
process. This weakens the inhibitive tendencid3RiD, hence the poorl&for weight-loss analysis.
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Table 3 Data obtained from potential measurementsf mild steel in 0.5 M SO, in presence of specific concentrations of the PPD

Concentration (%) | 0% | 0.25% | 0.5% | 0.75% | 1% | 1.25%| 1.5%
Exposure Time

0 -415 | 417 -323 -331| -32]1  -437 -42[7
48 -414 -420 -346 -325 -31 -464) -44p
96 -414 | -418 -336 -320| -311  -498 -48p
144 -41C -41C -31€ -321 -31E -491 -46C
192 -433 | -424 -324 -318|  -30f -503 -48p
240 -427 | 421 -321 -311| -294  -480 471
288 -417 | 417 -315 -307| -297  -463 -47p

Table 4 Data obtained from potential measurementsof mild steel in 0.5 M HCI in presence of specificoncentrations of the PPD

Potential (mV) vs Ag/AgCI

Concentration (%) | 0% | 0.25% | 0.5% | 0.75% | 1% | 1.25%| 1.5%
Exposure Time
0 -470 | -430 -304 -448| -32 -354 -34p
48 -472 | 475 -286 -475| -33 -354 -35p
96 -468 | 471 -289 -454 | -33 -354 -38B
144 447 | 504 | -303| -442] 356 -353 -39l
192 -445 -495 -310 -457 -36. -372 -39P
240 -459 |  -490 -312 -469 | -37 -373 -35p
288 -478 | -491 -298 -483| -374  -382 -35b
0 T T T T T 1
J) 50 100 150 200 250 300 350
-100 -
—o—0% PPD
-200 -
——0.25% PPD
—4—0.5% PPD
-300

-400

-500

-600

Immersion Time (h)

—%—0.75% PPD
—*—1%  PPD
—0—1.25% PPD

1.5% PPD

Figure 10 Variation of potential measurements withmmersion time for PPD concentrations in 0.5 M HSO,

www.scholarsresearchlibrary.com

81



Roland Tolulope Lotoet al Der Pharma Chemica, 2015, 7 (5):72-93

O T T T T T T 1
50 100 150 200 250 300 350

-100
A —e—0% PPD
<
E" -200 —=—0.25% PPD
2 0.5% PPD
> -300 ;
E ——0.75% PPD
s
£ 400 —%—1%  PPD
5 1.25% PPD
a

-500 1.5% PPD

-600

Immersion Time (h)

Figure 11 Variation of potential measurements witfimmersion time for PPD concentrations in 0.5 M HCI

Potentiodynamic Polarization studies

Potentiostatic potential was cursorily examinedrfrel.5V to +1.5V vs. Ag/AgCl at a scan rate of .66 mV §".
The effect of the addition of PPD on the polari@atcurves of Mild steel in 0.5 M430, and 0.5 M HCI solutions
was studied at ambient temperature. Fig. 12 shbegoblarization curves of the steel in absencepmadence of
PPD at specific concentrations in 0.5M3®, while Fig. 13 shows the polarization curves in RLFCI. As earlier
observed from weight loss analysis, the effect BDPvaries non-linearly with the value of its conzaetions at
specific range of values in both solutions as shiowkig. 14 & 15. The inhibition effect of PPD 5 M H,SO, at
0.023M is negligible due to the aggressive actibithe corrosive anions, however from 0.046M PP @O3M
PPD the %E varies from 66.6% to 78.2% after which there Eharp decline indicating desorption of the inhibito
molecules from the steel surface. The protectilm fireaks down, thus it's unable to prevent thectebdytic
transport of the corrosive anions.

In 0.5 M HCIl increase in PPD concentration resumta sharp increase in inhibition efficiency (0.623 0.046M
PPD) after which the % values declined progressively. The only appreeiafalue in HCl is at 0.046M PPD due
to lateral attraction between the inhibitor molesulnd the ability of PPD to bond with the steefasie through
adsorption, thus protecting the steel. The valodoth solutions correspond with the results oletifitom weight-
loss analysis. the availability of more PPD molesulo counteract the actions of the corrosive ggedilock the
active sites and form a compact protective baotethe alloy surface in the solutions till 0.069IP after which
the %E values declined sharply.

Results obtained shows that PPD influences theretdemical process only at specific concentratiam®bserved
in the UE values. Generally, all scans in Fig. 12 exhibaghtly similar behavior (with few exceptions) owhe
potential domain examined. The corrosion rate redudrastically rate with differential changes ine th
electrochemical parameters. In addition small ckarig the anodic Tafel constants in the presend@P@ signify
that anodic dissolution reactions are only sligimuenced. The cathodic Tafel constant showsedifiy values due
to the film forming characteristics of PPD whicheffect suppresses hydrogen evolution reactions. ifhibitive
action of the inhibitor is related to its adsorptiand formation of a barrier film on the electragleface. The
electrochemical variables such as, corrosion piatle(i.), corrosion currentid) corrosion current density{,
cathodic Tafel constanbg), anodic Tafel slopeb@) , surface coverageand percentage inhibition efficiency (&)
were calculated and given in Table 5 & 6. The csioo current densityl{,) and corrosion potentiaEf,) were
ascertained from the intersection of the extrapdl@nodic and cathodic Tafel lines,IBowas calculated from
equation 5.
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Table 5 Data obtained from polarization resistanceneasurements for mild steel in 0.5 M LSO, in presence of PPD

Inhibitor Corrosion Polarization ’
Sampl . % ; Ecr, Obs ier ler bc ba
Concentration Rate Resistance 5

e (%) (mmiyr) IE @) V) (A) (Alcm?) (V/dec) (V/dec)

A 0 6.30 0 16.17 -0.418 9;82E 5.45E-04 0.046 0.123
8.62E

B 0.25 6.08 3.6 34.32 -0.418 04 5.22E-04 0.129 0.144
3.00E

C 0.5 211 66.6 110.03 -0.408 04 1.82E-04 0.126 0.191

D 0.75 2.34 62.8 106.28 -0.408 3;8?5 2.01E-04 0.139 0.195
1.96E

E 1 1.38 78.2 142.77 -0.441 04 1.19E-04 0.093 0.209
9.05E

F 1.25 6.38 -1.3 37.48 -0.430 04 5.48E-04 0.101 0.343
8.10E

G 15 5.7 9.5 58.03 -0.420 04 4.91E-04 0.172 0.291

Table 6 Data obtained from polarization resistanceneasurements for mild steel in 0.5M HCI in presencef specific concentrations of the

PPD
Inhibitor Corrosion Polarization
Sampl . % ; E., Cal . ler bc ba
Concentration Rate Resistance . icr (A)
e (%) (mmiyr) IE () V) (Alcm?) (V/dec) (V/dec)
A 0 9.38 0 39.41 -0.384 1_'g§E 8.07E-04 0.179 0.370
B 0.25 5.25 44.0 28.70 0420 "25F | a52E04 [ 0.107 0.091
C 05 0.53 94.3 135.16 0485| "o7% | 453805 0069 0.035
D 0.75 7.10 24.2 28.37 -0.478 1_'8;"E 6.13E-04 0.222 0.094
6.94E
E 1 4.89 47.8 33.66 -0.486 04 4.21E-04 0.064 0.335
7.05E
F 1.25 4.97 47.0 44.36 -0.485 04 4.27E-04 0.102 0.244
8.83E
G 15 6.22 33.6 31.39 -0.511 04 5.35E-04 0.127 0.128
1 -
0.1 - i
0% PPD
0.01 - ?
o —0.25% PPD
£ ]
b 0.001 ——0.5% PPD
£
=~ 0.0001 - ——0.75% PPD
oo
S 1%  PPD
0.00001 -
1.25% PPD
0.000001 - 1.5% PPD
0.0000001 T T T T T T T )
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
E(v) vs Ag/AgCl

Figure 12 Comparison plot of polarization scans fomild steel in 0.5 M SO, + 3.5% NaCl solution in the absence and presencé o
specific concentrations of PPD
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Figure 15 Relationship between %E and inhibitor concentration for polarization testin 0.5 M HCI

PPD showed mixed inhibiting tendencies i§58, depending on its concentration from observatiothefcorrosion
potential valuesH,, Table 5). At concentrations of highl&(0.046M — 0.093M PPD), the cations react with the
cathodic and anodic sites suppressing hydrogerugenland anodic dissolution reactions throughamefkinetics.
The current density values declined sharply atalwemcentrations indicating passivation due toasion inhibition
of the steel after which there is a sharp incréaseirrent density due to increase in corrosiolveigton the steel.
The Tafel constant of the redox process variecedifitially i.e. PPD has minimal overall influenae the overall
electrochemical process. It must be noted thaptiarization resistance corresponds with th& %alues; at high
%IE the polarization resistance increases before riegliafter 0.093M PPD. The surface coverage andrptien
characteristic of PPD is responsible for the anadtdition of the redox process. The inhibitor wiast adsorbed
onto the metal surface and impedes the passagetaf irans from the metal/solution interphase itte $olution as
a result of the compact barrier formed on the nmidiace.

At the initial stage of polarization, the corrosioarrent densities decreased slowly and anodicrigation was
enhanced predominantly with the polarization patérghifting to less negative potentials, which lirep that the
rate of adsorption is much higher than the desmmptate of PPD molecules on the steel surfacettaddsorption
process dominates the anodic reaction. The sligifit of the corrosion potential toward positive wes, i.e. the
decrease of anode current relative to cathode myriredicates the predominant inhibition of oxidatireactions.
The cathodic reaction of the redox process invotkieselectrochemical reduction of water molecules laydrogen
atoms. Adsorption of the inhibitor molecules diggls the water molecules thereby it stifles thetreaof surface
water molecules and rate of hydrogen evolutions #iffecting the cathodic reactions process.

The inhibitor molecules are adsorbed via their fiomal groups and hetero-atoms onto the steel saifiarming a
protective layer. These groups are electroactivkeiateract with the metals surface to form covalemnds through
physiochemical mechanism. A compound can be cladsids an anodic or a cathodic-type inhibitor i€ th
displacement ik, value is larger than 85 mV. If displacement isslésan 85 mV, the inhibitor can be seen as
mixed type [25, 26]. The maximum displacemenEgf, values in HSO, is 23 mV in the cathodic direction and 10
mV in the anodic direction, thus in,850, PPD can be classified as mixed. In HCI the maxindisplacement is
127 mV in the negative direction, thus its overwhiely cathodic. Cathodic inhibition occurs eitherdbgwing the
cathodic reaction itself and selectively precipitgton cathodic areas to limit the diffusion of wethg species to the
surface whereby PPD form an invisible film along ttathode surface. This polarizes the metal byictsg the
access of dissolved oxygen to the metal subsff&te film also acts to block hydrogen evolution sitend prevent
the resultant depolarizing effect. This film spagfly forms on cathodic reaction sites of the ktedncrease the
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surface deterrence and limit the transport of rddedons. This inhibits the ionic combination addfusion of
hydrogen atoms while at the same time preventingex induced cathodic depolarization.

The cathodic corrosion current density varied défgially at all PPD concentrations with the exgapiof 0.046M
PPD where the current density was significantlydowompared to other values. The addition of PPEsdivange
the cathodic reduction mechanism and the decredd¢sions on surface of mild steel takes place maintgugh a
charge transfer mechanism and covering of monolafyBPD molecules on the cathodic sites. This pgakat PPD
blocks the surface active sites and decrease tba available for hydrogen evolution and metal diggm
reactions. The relative inhibition efficienciesPPD can be summarized under the following assumptibat: (i)
the inhibition is due to surface coverage of theamnsurface by the PPD molecules; (ii) strong adhee of the
molecules on the metal surface is as a resulteottordination of pi-electron with the metal atdiii) the stability
of the precipitate is somewhat related to the mo&s being planar [27].

Mechanism of inhibition

PPD inhibits metal dissolution by forming a hydropfc protective barrier on the metal surface dusetective
adsorption. This suppresses the cathodic processkdess significantly the anodic process [28]e Tithibitive
efficiency of PPD is not proportional to the fractiof the surface coverage as observed from thdtsda Table 4
& 5 but tends to be highly effective at specificOPBoncentrations. The effective performance of @édsorbed
inhibitor species in retarding the corrosion reawiis greater at low surface coverage due to \\aakal repulsion
at these concentrations. This weakens molecularptilsn leading desorption of the inhibiting specie®m sample
F to G. The adsorption of PPD is due to electrzsttraction between the positive charge on theodsed PPD
cationic species and the negative charge on thalmaétthe metal/solution interface. The attractiesults in
electron transfer through the functional groupgtaninhibitor molecule to form coordinate bondshwtihie metal in
solution [29]. This is possible by the by the preseof relatively loosely bound electrons in thererfunctional
group and vacant low energy electron orbitals efrttetal electrode.

The non-linear relationship betweerlBtefficiency and surface coverage of PPD is mosbalty as a result of
strong lateral repulsion between PPD cationic mdésc at higher concentrations [30]. The lateralulgipn
decreases Van der Waals attractive force betwemted molecules leading to weaker adsorption arssiply
desorption [31]. This occurs between PPD moleccbesaining dipoles responsible for the weak adsompit these
concentrations. The protective film at low PPD amtcation modifies the metal surface through desrest the
number of metal atoms released into the solutienproducts of the corrosion reactions through segsion of the
redox process especially cathodic reactions agededscribed. Adsorption of PPD molecules involthes removal
of pre-adsorbed molecules of water from the surf82¢ The amines functional group of PPD may bsosbled
over the metal surface in the form of neutral moles as

Aminegg) + NH,O,4s>AMinggs+ NH,Os) (6)

and dual electron transfer between the metal aacditnogen atom of the PPD molecule. The positivdigrged
amine ion is electrostatically pulled to the negglyf charged cathode site of the metal, enhandiefr trate of
diffusion. The adsorption of the cations is faeliéd in the presence of corrosive anions as atrektheir initial
adsorption unto the metal surface; their presemeates negative charges which attracts the catbPD. The
PPD molecules are covalently bond onto the metahifty a compact protective barrier against furtb@mrosion
[33-36].

Scanning Electron Microscopy

The SEM images of the Mild steel surfaces befokatter immersion in 0.5 M $$0,and 0.5M HCI solutions and
after 360 h immersion with and without PPD addisi@mne shown in Fig. 16(a—e), respectively. Figal%p) shows
the steel sample before immersion, the lined agdgd surfaces are due to cutting and machininghgwample
preparation. Fig. 16(b & d) shows the steel sudaaiter 360 hours of immersion in 0.5M HCI and 0.5)80,
without PPD, while Fig. 16(d & f) shows the stegtface in the acid media with PPD. In the abserid®RD, a very
rough, pitted and totally uneven surface is obskrve Fig. 16(b & d); large number of macro pits apadly
corroded topography of the steel coupons are @glhk to the action of corrosive species. The sarfaorphology
in Fig. 16b consists of chlorides deposited onstingéace during the electrochemical process. Thidipegharge on
the steel surface is counterbalanced by the negatiarged on the chloride and sulphate ions. fesslt in the
diffusion of Fé" into the electrolyte and produces the observedormiand intergranular corrosion with large
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macro pits. Fig. 16d is basically due to the actibsulphate ions and to lesser extent chloride iwhen compared
to Fig. 16b

TOpm ) Eleclrn Image 1

Electron Image 1

Electron Image 1

(c) (d)

10pm Electron Image 1

(e)
Figure 16 SEM micrographs of: a) Mild steel, b) Mitl steel in 0.5 M HCI, c) Mild steel in 0.5 M HCith PPD, d) Mild steel in 0.5 M
PPD, e) Mild steel in 0.5M HSO,with PPD

The SEM image of the steel sample with PPD additign 16 (c & e) differs significantly differentdm the control
specimens in sulphuric and hydrochloric acid. Thdase is covered with chemically adsorbed protectioating
on the steel. The adsorption of the negatively gh@rchloride and sulphate ions on the steel surfaciétates
cation adsorption through electrostatic attractato the steel surface. Fig. 16(c & e) shows aispat where the
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protective film of PPD adheres unto after removaht the test solutions. PPD molecules fully covesr tnetal
surface, giving it a high degree of protection aghicorrosion. This is attributed to the involvemef PPD in
interaction with the active sites of metal surfadech decreases contact between metal and thessjggenedium.
XRD Analysis

The X-ray diffraction (XRD) analysis of the mildest surfaces after immersion in 0.5 MS®, and 0.5 M HCI
solutions with and without the addition of PPD ahewn in Fig.17a, 17b,18a & 18b. The peak value at 36.9,
53.5, 40.2, 47.3, 64.3 and 74.8 for the steel spewgiin the absence of PPD inS®, solution revealed the presence
of phase compounds i.e. corrosion products andnsecy precipitates on the steel surface. The comg®such as
manganese sulphide, manganese oxide, iron siligme @nd iron oxides are present on the surfacetdatvely.
The iron oxides are the products of corrosion. Memrgge dioxide is a potential cathodic reactantoimosion of
steels [37], whilemanganese sulfide impurities are locations for mmiattacks leading to the occurrence of active
corrosion on the steel; they are also favorabbs divr pit initiation. The peak values & =2 40.6 and 73.3 for the
steel specimen after immersion in 0.5 M HCI with&RD (Fig. 17bforresponds to the iron oxide compounds
present on the steel due to corrosion. Observatidhe peak values (Fig.18a) on the surface oftiid steel after
immersion in the 0.5 M (50O, acid solutions with PPD addition revealed the nbse of chemical
compounds/corrosion products, i.e. no phases asept for analysis due to effective PPD inhibitipnselective
precipitation. This proves further the cathodiciloitng tendencies of PPD. However analysis ofsh&face of the
steel from 0.5M HCI with PPD addition (Fig. 18byeals trace amounts of iron oxides probably duéniited
diffusion of chloride anions resulting in lower iblion efficiency compared to the values in 0.59Y50,.

Table 7 Identified Patterns List for XRD analysis ¢ Mild steel in 0.5 M H,SO, without PPD

Visible Ref. Code | Score Compound Name Displacement [°2Th. | Scale Facto | Chemical Formula
* 01-089-4088 35 Manganese Sulfide -0.177 0.624 Mn
* 00-008-0415 32 Graphite 0.079 0.195 C
* 01-075-0034 27 Iron Manganese Oxidle 0.45 0.731 3 Mrg Og
* 00-049-1447 27 Iron Oxide -0.041 0.397 Fe O
* 00-052-1142 15 Iron Silicon Oxide 0.064 0.388 E625i0.44 Q
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Visible Ref. Code Score Compound Name Displacemefi2Th.] | Scale Factor | Chemical Formula
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Figure 18 Identified Patterns List for XRD analysisof Mild steel (a) in 0.5 M SO, with PPD (b) in 0.5 M HCI with PPD
Table 9 Identified Patterns List for XRD analysis d Mild steel in 0.5 M H,SO, with PPD

Visible Ref. Code Score Compound Name DisplacemeifTh.] | Scale Factor | Chemical Formula
* 00-034-0396 84 434-L steel 0.051 0.944 Fe - Cr
* 00-018-1897 0 Sodium acetylene dioldte -1.185 0.1 G Na O,

Table 10 Identified Patterns List for XRD analysisof Mild steel in 0.5 M HCI with PPD

Visible Ref. Code | Score Compound Name Displacement [°2Th. | Scale Facto | Chemical Formula
* 00-03E-137¢ 68 Chromium Iron Nicke -0.19¢ 0.99¢ Ni - Cr - Fe
* 00-044-1291 37 Martensite -0.029 0.159 0.0§Fel.92
* 00-003-0681 28 Calcium Phosphatsg 1.14 0.007 3 (GaQ ),
* 00-023-0406 24 Manganese Tin Oxide -0.78 0.007 > BmQ
* 00-052-110¢ 20 Sodium Percarbone -0.127 0.007 Na, C G,

Thermodynamics of the corrosion process
The values of the apparent free energy changeGilehs free energyANGaq9 for the adsorption process can be
evaluated from the equilibrium constant of adsorptising the following equation as shown in Table 5

AGyys - 2.30RTog [55.%Kqed (7)
Where 55.5 is the molar concentration of waterhi@a $olution,R is the universal gas constaiitjs the absolute

temperature and,qs is the equilibrium constant of adsorptiof,gsis related to surface coverag@)(by the
following equation.

Kao =[] ®)
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Table 11 Data obtained for the values of Gibbs freenergy, Surface coverage and equilibrium constamif adsorption at varying

concentrations of PPD in 0.5 M HSO, for Mild Steel

Samples | Surface Coveraged] | Equilibrium Constant of Adsorption (K. | Free energy of Adsorption AG.q) (kJ/mol)
B 0.0714 3342.55 -30.06
Cc 0.647:¢ 39904.7 -36.2¢
D 0.673: 29842.2; -35.41
E 0.7000 25083.19 -35.02
F -0.1433 -1080.62 27.26
G -0.0344 -238.94 23.50

Table 12 Data obtained for the values of Gibbs freenergy, Surface coverage and equilibrium constamf adsorption at varying

concentrations of PPD in 0.5 M HCI for Mild Steel

Samples | Surface Coverageéd] | Equilibrium Constant of Adsorption (Kag) | Free energy of Adsorption AGags) (kJ/mol)
B 0.3774 26355.77 -35.18
C 0.8109 93208.93 -26.90
D 0.1820 3224.73 -20.30
E 0.5644 13934.08 -33.60
F 0.5996 12908.51 -33.41
G 0.6469 13178.08 -33.46

Values of AG,gs around -20 kJ/mol are consistent with physisomptithose around -40 kJ/mol or higher involve
charge sharing to form a coordinate type of boretmikorption. The value #G,q4sin H,SO, and HCI for mild steel
under the action of PPD organic compounds as shiowiables 11 and Tables 12 reveals the strong ptisorof
PPD onto the steel surface. The negative valuesSafs showed that the adsorption of inhibitor molecuwdesthe
metal surface is spontaneous. The values@fsfor PPD on mild steel in 30, (Table 11) ranged from -30.06 kJ
mol™ to -35.02 kJ mét for samples B to E after which there are no mdkecimteraction between PPD compound
and steel surface for samples F and G, while theesaof PPD on mils steel in HCI (Table 12) ranpetiveen --
35.18 kJ mol-1 and -33.46 kJ mol-1 for samples Btdhese values are consistent with physiochenmtedaction
and adsorption onto the steel surface.

The value ofAG,ys Obtained shows that the molecules chemisorb onstheel producing a bond resistant to
penetration and competitive adsorption from theasive species. The negative valuesA®,ys showed that the
adsorption of inhibitor molecules on the metal acef is spontaneous [38, 39]. The intermoleculardivgnis
sufficiently strong to prevent displacement of alled inhibitor molecules along the surface. Thecipitates
formed are stable in the acid solution throughbatexposure period.

Statistical Analysis

Two-factor single level experimental ANOVA te$t { test) was used to analyse the separate and nethbifects

of the percentage concentrations of PPD and expdsue on the inhibition efficiency of PPD in thermsion of
inhibition of mild steels in 0.5 M 80, and 0.5 M HCI solutions and to investigate théigtiaal significance of the
effects. The~-test was used to examine the amount of variatibhinveach of the samples relative to the amount of
variation between the samples.

The Sum of squares among columns (exposure timgptained from the following equations.
x1 T2
SSe="——— ©)

nr N

Sum of Squares among rows (inhibitor concentration)
_Int 12

SS=——~ (10)
Total Sum of Squares

TZ
SSrotal = sz N (11)

The results using the ANOVA test is tabulated (€at® & 14) as shown.
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Table 13 Analysis of variance (ANOVA) for inhibition efficiency of PPD inhibitor in 0.5 M H,SO, (at 95% confidence level)

Min. MSR at 95% confidence
Source of Variation | Sum of Squares| Degree of Freedp | Mean Square | Mean Square Ratio Significance F F%
Inhibitor concentration| 60059.19 5 12011.84 1186.01 2.71 97.1
Exposure Tim 97.0¢ 4 24.2¢ 2.4C 2.81 0
Residual 202.56 20 10.13
Total 60358.78 29
Table 14 Analysis of variance (ANOVA) for inhibition efficiency of PPD inhibitor in 0.5 M HCI (at 95% confidence level)
Min. MSR at 95% confidence
Source of Variation | Sum of Squares| Degree of Freedo | Mean Square | Mean Square Ratio Significance F F%
Inhibitor concentration 15268.79 5 3053.76 301.52 712 87.8
Exposure Time 1282.39 4 320.60 31.65 2.87 663
Residual 202.56 20 10.13
Total 16753.7. 29

The analysis in 0.5 M }¥$0, was evaluated for a confidence level of 95% i.sigaificance level of = 0.05. The
ANOVA results reveal that only one of the experitaésources of variation (inhibitor concentratigsptatistically
significant on the inhibition efficiency values BPD withF - values of 1186.01. This is far greater thanifigance

factor ata = 0.05 (level of significance or probability). &Rk - values of exposure time is less than the sicpuifi

value factor hence it is statistically irrelevanke statistical influence of the inhibitor concextiton is 97.1%, while
the influence of the exposure time 0% hence nddgi The inhibitor concentration is the only sfgrant model

terms influencing inhibition efficiency of PPD olmet corrosion of the steel specimen. On this badis percentage
concentration of PPD significantly affects the lition efficiency of PPD in the acid media.

The ANOVA results for the influence of the indepentvariables (inhibitor concentration and expodime) in
0.5 M HCI reveal slightly different results. Bothet inhibitor concentration and exposure time agtissically
relevant withF - values of 301.52 and 31.65 which are greatar tha significance factor at= 0.05. The statistical
influence of the inhibitor concentration is 88.8%ile the exposure time is 6.63% depicting the ohaiwing
influence of inhibitor concentration on the valudsnhibition efficiency from the experiments inraparison to the
exposure time which is very small; however bothiafleential on the performance of PPD in 0.5 M H@lution.

CONCLUSION

1, 4-diaminobenzene (PPD) performed effectivelgmcific concentrations in the acid media. The tigseof the
electrochemical reactions was significantly infloed by PPD resulting in complete protection of thetal's
surface. It showed mixed inhibiting characterisiltstH2SO4 acid and cathodic inhibition in HCI at optimal
concentration from observation of the corrosioreptil values, however the performance of the itdritwas more
effective in HCI than BBO, acid. ANOVA results reveal that only the inhibitooncentration is statistically
significant at 97.1% on the inhibition efficiencylues in sulphuric acid while in HCI acid both timhibitor
concentration and exposure time are statisticallgvant with values of 88.8% and 6.63%. The scanmeiectron
microscopy characterization showed surfaces whashbieen electrochemically altered due to the itihébaction

of PPD molecules on the steel surface. X-ray diffrmetry indicates the absence of phase compounds a

corrosion products from 130, acid solution, however analysis of the surfacéhefsteel from HCI acid with PPD
addition reveals trace amounts of iron oxides pobbedue to limited diffusion of chloride anions viting in lower
inhibition efficiency compared to the values ipS;, acid.
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