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ABSTRACT

The inhibiting action of benzenamine (BEZ) on thieasion of type 304 stainless steel in 3M hydrodhlacid was
investigated through electrochemical tests. Ressitisw BEZ to be an excellent inhibitor. The compowas
observed to be of mixed type in action. Inhibitéficiency increased with increase in BEZ concditragiving an
optimal value of 96.14% at 6.25% BEZ concentrafiem weight loss and 88.7% at 5% BEZ concentrafiom
polarization tests. X-Ray diffractometry revealdwd tabsence of corrosion products. Statistical asialyusing
ANOVA showed the statistical significance of BEZAcemtration on its inhibition efficiency performancThe
compound obeyed Langmuir adsorption isotherm.
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INTRODUCTION

Acid solutions are commonly employed in industry &eaning, acid decaling and pickling of steel,ichhoften
lead to corrosion of the alloy. Hydrochloric acil frequently applied in industrial operations sashchemical
cleaning and pickling to abstract oxide scales argis from the metal surfaces. A cost effectivehmégue for
corrosion control in harsh conditions is the augraton of chemical additive known as inhibitorstte acidic
solution in contact with the metal surface. Effeetinhibitors perform excellently even in aggressaénvironments
and high temperatures between 60 to 95 °C. The wmifisient corrosion inhibitors used in hydrochmracid
solutions consists of heteroatoms such as sulplitawgen and oxygen [1 - 6].0rganic compounds I3}have been
reported for their corrosion inhibition performanfog steel in acidic environments. They typicallyn€tion via
adsorption of the molecules on the metal surfameniing a protective film to corrosion attack. Thésearch is to
further establish the usefulness and economiclitibif organic derivatives as for corrosion pretien. Therefore,
the present study aims to investigate the inhibigdéfect and adsorption properties of benzenammé&ype 304
stainless steel corrosion in hydrochloric acid. Beramine is an aromatic amine compound comprisirrgphenyl
group connected to an amino group. Benzenamindesptototypical aromatic amine. Being an antecedent
multifarious industrial chemicals, its major applion is in the production of precursors to polyname.
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MATERIALS AND METHODS

Material
Commercially available Type 304 austenitic staisleteel was used for all experiments of averageimaim
composition; 18.11%Cr, 8.32%Ni and 68.32%Fe. Theera is cylindrical with a diameter of 18mm.

Inhibitor

Benzenamine(BEZ) a brownish, translucent liquidaoted from SMM Instruments, South Africa is théibitor
used. The structural formula of BEZis shown in RigThe molecular formula isgBsNH,while the molar mass is
93.13gmoal*.

NH>

Figurel Chemical structure of Benzenamine(BEZ)

BEZ was prepared involume concentrations of 1.28%%0, 3.75%, 5%, 6.25% and 7.5% per 200 ml of tid a
solution.

Test Media
3M hydrochloric acid with 3.5% recrystallised sadiichloride of Analar grade were used as the carrmosést
media.

Preparation of Test Specimens

The cylindrical stainless steel (18mm dia.) was ma@dcally cut into a number of test specimens ofafisions in
length ranging from 17.8mm and 18.8mm coupons.titoesurface ends of each of the specimen were grauitin

Silicon carbide abrasive papers of 80, 120, 220&0@1.000 grits. They were then polished witpré to 1 um

diamond paste, washed with distilled water, ringitth acetone, dried and stored in a dessicatofuidher weight-
loss test and linear polarization.

Weight-loss Experiments

Weighted test species were fully and separatelyeénsed in 200ml of the test mediaat specific comagions of the
BEZ for 360h at ambient temperature of@5Each of the test specimens was taken out exity, washed with
distilled water, rinsed with acetone, dried andvegghed. Plots of weight-loss (mg)and corrosioe (am/y)versus
exposure time (h)(Fig.2&3)for the test media andsth of percentage inhibition efficiency&(calculated)
versusexposure time (h) and percentage BEZ coratemt(Fig.4 & 5) were made from table 1.

The corrosion rateR) calculation is from this equation 1:

R= [87.6W] (1)

DAT

WheraV is the weight loss in miligrams,D is the density in g/clh A is the area in
cn?, andT is the time of exposure in hours. ThéE4vas calculated from the relationship in equation 2

%IE = [%] x 100 )

The UE was calculated for all BEZ concentration everyh7@uring the course of the experiment, while théae
coverage is calculated from the relationship:

9 = [1 - %](3)
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Wherd is the substance amount of adsorbate adsorbegramar (or kg) of the adsorbemiandW, are the weight
loss of austenitic stainless steel coupon in frekiahibited acid solutions respectively.

Open Circuit Potential Measurement

A two-electrode electrochemical cell with a silgéfer chloride was used as reference electrodee Th
measurements of OCP were obtained with Autolab PAAS30 ECO CHIMIE potentiostat. Resin mounted test
electrodes/specimenswith exposed surface of 254were fully and separately immersed in 200ml of thst
media (acid chloride) at specific concentrationsB&Z for a total of 288 h. The potential of eachtbé test
electrodes was measured every 48 h. Plots of paktdnV) versus immersion time (h) (Fig. 6) for theo test
media were made from the tabulated values in Table

Linear Polarization Resistance

Linear polarization measurements were carried sitg,) a cylindrical coupon embedded in resin plastbunts
with exposed surface of 254 MiniThe electrode was polished with different gradéssilicon carbide paper,
polished to fim, rinsed by distilled water and dried with acetofitie studies were performed at ambient
temperature with Autolab PGSTAT 30 ECO CHIMIE pdiestat and electrode cell containing 200 ml of
electrolyte, with and without BEZ inhibitor. A grage rod was used as the auxiliary electrode alvérschloride
electrode (SCE) was used as the reference electrblde steady state open circuit potential (OCP9 nated. The
potentiodynamic studies were then made from -#&8%usOCP to +1.5 mVversusOCP at a scan rate of
0.00166V/s and the corrosion currents were regidteiThe corrosion current densify,{ and corrosion potential
(Ecor) Were determined from the Tafel plots of potenti@tsuslog |I. The corrosion rateRj,the degree of surface
coveraged) and the percentage inhibition efficiencylEpwere calculated as follows

R= 0.00327 ;]CO,-,-*Eq(4)

Where J.r is the current density inA/cm?, D is the density in g/cfEq is the specimen equivalent weight in
grams;

The percentage inhibition efficiency (B was calculated from corrosion rate values udiegetquation.
O E = G| x
YE = 1 ‘[q] 100(5)

whereC,andC, are the corrosion rates in absence and presenB&gfinhibitors, respectively.

X-Ray Diffraction Analysis

X-ray diffraction (XRD) patterns of the film formemh the metal surface without BEZ addition was aredyusing

a Bruker AXS D2 phaser desktop powder diffractometith monochromatic Cu & radiation produced at 30kV
and 10mA, with a step size of 0X@. The Measurement program is the general scanratete Analysis of the
steel sample inhibited with BEZ was done with PANiabIX'Pert Pro powder diffractometer with X'Celgor
detector and variable divergence- and receiving slith Fe filtered Co-i radiation. The phases were identified
using X'PertHighscore plus software.

Statistical Analysis

Two-factor single level statistical analysis usiA§lOVA test (F-test) was performed so as to invegtgthe
significant effect of BEZ inhibitor concentrationchexposure time on the inhibition efficiency vaud BEZ in the
acid media.

RESULTS AND DISCUSSION

Weight-loss measurements

Weight-loss of austenitic stainless steel at varitime intervals, in the absence and presence gf@&@Bcentrations

in 3M HCI acid at 2%C was studied. The values of weight-lo#4,(corrosion rateR) and the percentage inhibition
efficiency (WE) are presented in Table 1. It is clear that therelsing corrosion rate is associated with increase
inBEZ concentration which indicates that more BEd@lecules are adsorbed on the metal surface, th@melvyding

a wider surface coverage on the steel surface2,F&§y& 4shows the variation of weight-loss, corovsirate and
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percentage inhibition efficiency versus exposumetiat specific BEZ concentration while Fig. 5shitw variation
of BEZ WE with BEZ concentration. The curves obtained inttigarogressive increase inlBowith increase in
BEZ concentration accompanied by a significant ei@se in corrosion rate.

The high %E is most probablydue to the blocking effect of theface by adsorption and film formation.This
decreases the active sitesnecessary corrosionrgsois influenced by the molecularpropertiesB&Z, surface
charge of the metal and the ionization effect @BBZ molecule. In the electrolyte, the BEZ exidthex as noble
and protonated molecules[14].The protective filravents the diffusion of Bé to the liquid/metal interface while
at the same time inhibits the diffusion oftGlthe metal/liquid interface. The results confithat BEZ reduces
corrosion rates to a significant extent, especiafter 1.25% BEZ concentration achieving a maximuohibition
efficiency of 96.1% in HCL.The excellent performarexhibited by the compound may be due to the poesef the
protonated form of N atoms of the compound whicabées it to adsorb quickly on the metal surfacas tforming
an insoluble stable film on the surface of thersgésis steel.

Table 1Data obtained from weight loss measurementsr austenitic stainless steel in 3M HCI in presereof specific concentrations of the

BEZ at 360h
Samp | Weight Loss Corrosion Rate BEZ Concentration BEZ BEZ Surface
le (9) (mmly) (Molarity) Concentration (%) Inhibition Coverage )
Efficiency (%)
A 4.842 26.73 0 0.00 0 0
B 1.472 6.31 0.000268 1.25 69.60 0.6960
Cc 0.583 2.93 0.000537 2.50 87.96 0.8796
D 0.346 1.65 0.000805 3.75 92.85 0.9285
E 0.198 0.84 0.001074 5.00 95.91 0.9591
F 0.187 0.66 0.001342 6.25 96.14 0.9614
G 0.458 1.68 0.001611 7.50 90.54 0.9054
6 -
——0% BEZ
o3
by —8—-2.5% BEZ
w
o
- —4&—5% BEZ
S
2 ——7.5% BEZ
= —#—10% BEZ
—0—12.5% BEZ
15% BEZ
1
0 50 100 150 200 250 300 350 400
Exposure Time (h)

Figure 2 Variation of weight-loss with exposure tine for samples (A — G) in (0% -15%) BEZ concentratios in 3M HCI
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Corrosion Rate (mm/y)

—0—12.5% BEZ

—+—15% BEZ

Exposure Time (h)

Figure3 Effect of percentage concentration of BEZ mthe corrosion rate of austenitic stainless steal 3M HCI
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Figure 4 Plot of inhibition efficiencies of samplgA-G) versus exposure time in 3M HCI during the expsure period
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Figure 5Variation of Inhibition efficiency of BEZ versus BEZ concentrations from weight loss analysia 3M HCI

Open Circuit Potential Measurement

The open-circuit potential value of the specimescebdes was observed for a total of 288 h in tié ehloride
solutions as shown in Table 2.Fig.6depicts theatiam of open-circuit potentials with time in 3M HE€hloride
solutions respectively in the absence and preseihsgecific concentrations of BEZ inhibitor. In ttest solutions a
progressive potential displacement towardsnegatalees was noticed in 0% BEZ concentrations dutimg
immersion hours. This corresponds with anodic digiem of the steel specimen in the absence of BEZ.

At 1.25% BEZ concentration there is a gradual pasishift in corrosion potential to the noble diten due to the
inhibitive action of BEZ at this concentration. Timfluence of BEZ on the electrochemical processiisimal as
the corrosion potential after 288 h of exposureai@sin the domain of intermediate corrosion, tle corrosion
protection is slightly effective. After 1.25% BEDmcentration, the increase in the number of BEZerulkes at
higher concentrations has a profound influence hen electrochemical corrosion behaviour of the stew the
electrolytic action of the corrosion species. Tharked decrease in potential values is due to th&mtaneous
action of the cationic species of BEZ which aremgty adsorbed through electrostatic attractiorouhe steel
surface wherewith it chemisorbs through chargesteanThe heterocyclic atom (nitrogen) and the anfiimctional
group are responsible for the film forming chardsti&es of BEZ.

The protective film is responsible for the potehtialues after 1.25%BEZ concentration (2.5% -7.5&ZB The

film prevents the diffusion of chlorides responsilibr anodic degradation of the steel in 0% BEDlaserved in the
corresponding potential values. The average peateaiti288 h after 1.25% BEZ concentration rangésdsen ~300
and 302mV which is well within the zone of passieatpotentials for stainless steel. This is furtbenfirmed from

the corrosion rates and inhibition efficiency vau&he intermolecular interaction resulting in gaential values
obtained is explained under mechanism of inhibition
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Table 4 Data obtained from potential measurementsf austenitic stainless steel in 3M HCI in presencef specific concentrations of the

BEZ
entration (%) | O 1.25| 25 3750 5 6.2% 7.5
Exposure Time
0 -385 | -433| -321] -311 -31¢ -32f¢  -323
48 -391 | -426| -305| -314 -317 -31p -325
96 -401 | -421| -311] -31§ -311 -311 -314
144 -406 | -387| -302| -324 -304 -30p -313
192 -425| -361| -297| -309 -29 -31p  -302
240 -432 | -352| -301] -30§ -302 -30B -291
288 -446 | -344] -299] -30] -301 -31i -2§7
0 T T T T T T 1
(L 50 100 150 200 250 300 350
_50 4
-100 -
(5]
B -150 - ——0% BEZ
2 —=—1.25% BEZ
< 200 -
b —4—2.5% BEZ
> -250 -
3 ——3.75% BEZ
w
S 300 5 A T —%—5%  BEZ
c e
.g -350 6.25% BEZ
a
-400 7.5% BEZ
-450
-500
Immersion Time (h)

Figure 6 Variation of potential with immersion time for potential measurements in 3M HCI

Polarization studies

Potentiostatic potential was cursorily examinedrfrel.5 V to +1.5 V vs. Ag/AgCl at a scan rate dilB6 mV §

! The effect of the addition of BEZ on the anodid amthodic polarization curves of austenitic sesglsteel type
304 in 3M HClsolutions at 25 °C was studied at anbtemperature. Fig.7 shows the polarization ciofeBEZ in
3M HCI. Results obtained using Tafel and linear apahtion methods indicate that BEZ inhibited the
electrochemical process of corrosion. Anodic anttiazdic currents were significantly influenced ire thresence of
BEZ. The adsorption of BEZ is slightly independehthe value of its concentrations in the acid 8ohs as shown
in Fig.7. Increase in %BEZ concentration results iprogressive increase in inhibition efficiencyH€Idue to the
availability of more BEZmolecules to counteract #utions of the corrosive species, block the adites and form

a compact protective barrier on the alloy surfacthée solution.

The corrosion potential shifts towards more positpotentials as BEZconcentration increases, thssiyeting iron
through adsorption. This also can be attributedejposition of BEZ molecules on the alloy as a tesinteraction
between BEZ and the oxidized metal surface whiéacetely seals the surface against further reactimwever
the cathodic process predominates over the ancobie polarization scans are generally similar at all
concentrations.The results shows increasell ¥ith decrease in corrosion rates.Electrochemiaghbles such as,
corrosion potential ), corrosion currentif,,), corrosion current densityl.(,), cathodic Tafel constanbd),
anodic Tafel slopeb@) , surface coverage and percentage inhibition efficiency (& were calculated and given
in Table 3. The corrosion current densily,) and corrosion potentiak{,; were determined by the intersection of
the extrapolatinganodic and cathodic Tafel lineks ¥as calculated from equation 6.
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%IE=

£1-C294(6)

C1

Table 3Data obtained from polarization resistance masurements for austenitic stainless steel in 3M H@ presence of different

concentrations of the BEZ

. BEZ
BEZ ’ . Corrosion .
Sample Concentration (%) ba (V/dec) | bc (V/dec) | Ecor (V) | Jeor (A/CM?) | icorr (A) Rate (mmiyr) Rp (Qcm?) Iphlbltlon
Efficiency (%)
A 0 1.16 0.995 -0.41 9.11E-02 2.32E-01 9.361 2.18E+ 0
B 1.25 0.096 0.29 -0.34 3.30E-03 8.40E-P3 3.395 4B+00 63.7
C 25 0.461 0.52 -0.339 3.22E-02 8.19E{02 3.308 7Bt80 64.7
D 3.75 0.255 0.307 -0.349 2.17E-03 5.52E103 2.229| .168+00 76.2
E 5 0.12; 0.19¢ -0.42 1.03E-03 | 2.62E-03 1.05¢ 4.17E+0! 88.7
F 6.25 0.234 0.145 -0.341 1.10E-03 2.79E;03 1.126| .28E+00 88.0
G 75 0.1 0.208 -0.345 1.09E-03 2.76EP3 1.116 Bt2D 88.1
10 ~
1 -
0.1 - 0% BEZ
5
£ —1.25% BEZ
] 0.01 -
T ——25% BEZ
E" 0.001 ——3.75% BEZ
—
0.0001 - 5% BEZ
R 0,
0.00001 - 6.25% BEZ
7.5% BEZ
0.000001 T T T T
-1.21 -0.71 -0.21 0.29 0.79
E(v) vs Ag/AgCl

Figure 7 Comparison plot of cathodic and anodic palrization scans for austenitic stainless steel ilMBHCI + 3.5% NaCl solution in the

absence and presence of (0% - 7.5%) at %5
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Figure8Relationship between BEZ %E and BEZ inhibitor concentration for polarization t est in 3M HCI

Table 3 showedthe results where BEZdisplayed greitedency for cathodic inhibition as observed lre t
displacement direction of thEg,, values.This suggests that BEZ affects the mechamié cathodic reaction
(hydrogen evolution and oxygen reduction reactighich is the main cathodic process under activatimmtrol and
the addition of BEZ modifies and suppresses thetiea

In the tested solutions results show that inhihiti® by the blockage of sites responsible for anali§solution via
adsorption through charge transfer with nitrogemret in addition to the accumulation of adsorbed BB#ons on
the steel as BEZconcentration increases[15]. Taimgers the electrolytic transport of corrosiveasitmthe metal
surface as the surface coverage increases.Corrpstentials slightly shifted in the negative difentin HCI. The
maximum displacement iB.,, value was -7.1mV in HCI, thus in HCI, BEZ is a miktype inhibitor[16].Changes
in corrosion potentials in HCI is due to electratleal interaction between anodic and the cathodigbiting
reactions. BEZ shifts the equilibrium of corrosiprocess to the passive direction causing a formatiothin
passivation oxide film over the anodic sites, whighy increase the anodic potential and depressedxidation
process.

The values of the anodic Tafel slope can be atetbuo diffusion controland surface kinetics thrbufijm
formation, where BEZ molecules are adsorbed viar thenctional groups on to the steel surface fomgnia
protective layer, while simultaneously precipitgtion the cathodic sites thereby inhibiting reducti@actions
through increase of surface impedance. The hitfas%xhibited by BEZ may be attributed to its adsorpbn the
metal surface through polar groups as well as tiqi- electrons of the double bond[17]. This leads iteater
coverage of the metal surface by BEZ, thereby tiegulin higher %E. The inhibiting effect of BEZ can be
attributed to its parallel adsorption at the metaution interface. The parallel adsorption tagkse owing to the
presence of one or more active centers for adsorpti

XRD Analysis

X-ray diffraction (XRD) patterns of stainless stserfaces from and 3M HCI solutions are shown ig.Fi& 10
respectively. The identified patterns lists for tKBD analysis of austenitic stainless steel in #o@ solution
without BEZ are shown in Table4. The peak value2ddor the steel in thesolutions without BEZ (Fig. Ehowed
the presence of iron oxides due to the redox cmmogrocess that took place on the steel surfade T
electrochemical reaction resulted in the formatibthe oxides as a result of the action of chlofate responsible
for the anodic dissolution process. The peaksfat 39.5° and 50.5° can be assigned to iron (iiidexFgOs).
Observation of the diffraction peaks for the inteli steel surfaces showed the absence of iron ©xde chemical
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compounds associated with corrosion. The compouymesent especially chromium oxide at pe&k=251° is
responsible for the passivation of the steel intamdto the effective inhibiting action of BEZ.

coms | I
[l ==Ll a2 e

600 o

P OF2 0%

400 —

i 012 06

ot O3 i

PosRlon [-2Thess]
Figure 9XRD pattern of the surface film formed on aistenitic stainless steel before immersion in thebaence of BEZin 3M HCI

Counts | | | |
LotoR_AN HCL
10000
5000
. A \_
0 T T T T T T T
20 30 40 50 20 100 110

60 70 80
Position [°2Theta] (Cobalt (Co))

Peak List

Chromium Iron Nickel Carbon; Fe Cr0|29 Ni0.16 C0.06; Cubic

Figure 10 XRD pattern of the surface film formed onaustenitic stainless steel after immersion in theresence of BEZ in 3M HCI

Table 4 Identified Patterns List for XRD analysis d austenitic stainless steel in 3M HCI withBEZ
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Visible Ref. Code | Score Compound Name Displacemefi2Th.] | Scale Factor | Chemical Formula
* 01-089-4185 51 Iron 0.312 0.497 Fe
* 00-048-0791 28 Calcium Chromium Oxide 0.7 0.058 & Cr,0s
* 01-072-060¢ 41 Hematite, sy -0.181 0.03: Fe, O3

Adsorption isotherm

The mechanism of corrosion inhibition can be exmdion the basis of adsorption behavior of the Blsdebate on
the metal surface[18]. Adsorption isotherms areyvienportant in determining the mechanism of organo-
electrochemical reactions. The adsorptive behawfoBEZ is an important part of this study, as ibydes
important clues to the nature of the metal-BEZrimt&on. For an inhibitor to have a high surfaceerage on the
metal, a chemical bond between the inhibitor mdkeand the metal atom stronger than the one foremwat
molecules/corrosive anions should be formed. Thmrdion of corrosion inhibitors at the metal/smotinterface

is due to the formation of either electrostaticovalent bonding between the adsorbate and thd maeface atoms.
Langmuir adsorption isotherm was applied to desctite adsorption mechanism for BEZ compounds in 8MH
solutions, as it best fits the experimental resafitd5°C.

The conventional form of the Langmuir isotherm is,

=] =kc()

and rearranging gives

c 1
[5=4+c®
wherdjis the degree of coverage on the metal surf@ci, BEZ concentration in the electrolyte, aigs is the
equilibrium constant of the adsorption process. Plots ogversus the BEZ concentratiGrwere linear (Fig.11)
indicating Langmuir adsorption.

0.002 -
0.0018 - *
0.0016 -

0.0014 -

0.0012 - y =1.0193x + 7E-05

2 _
0.001 - R?=0.9919

c/e

0.0008 -
0.0006 -
0.0004 -
0.0002 -

0 T T T T T T T T 1
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018

BEZ Concentration (C)

Figurell Relationship betweeng and BEZ concentration () in 3M HCI

The deviation of the slopes from unity in Fig. laitributed to the molecular interaction amongalsorbed BEZ
specieson the metal surface and changes in thesvaluGibbs free energy of adsorption with incnegsurface
coverage[19]. This was not taken into considerationng the derivation of the Langmuir equationngmuir
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isotherm predicts unity as the value of the slép@wever,the fitted line gave a value less thanyufuit the slopes.
This suggests a slightdeviation from ideal condgi@assumed in Langmuir model.

Thermodynamics of the corrosion process

The values of the apparent freeenergy change ilghsGree energyAG,q9 for the adsorption process can be
evaluated from the equilibrium constant of adsorptising the following equation as shown in Table 5

AGyq& - 2.303RTlog [55.5K44(9)

Where 55.5 is the molar concentration of waterhi@ $olution,R is the universal gas constaiitjs the absolute

temperature anl,4sis the equilibrium constant of adsorptitfyqds related to surface coveragd py the following
equation.

KaaC=[1%5](20)

Table 5 Data obtained for the values of Gibbs freenergy, Surface coverage and equilibrium constantf @dsorption at varying
concentrations of BEZ in 3M HCI

BEZ Concentration | Free energy of Adsorption | Surface Coverage| Equilibrium Constant of Adsorption

© (AGads) (kJ/mol) @ (Kage)
0 0 0 0

0.268 -32.41 0.6960 8542.5

0.53i -33.5¢ 0.879¢ 13603.¢

0.805 -33.95 0.9285 16141.9

1.074 -34.69 0.9591 21838.5

1.342 -34.29 0.9614 18549.2

1.611 -31.50 0.9054 5941.7

The resultspresented in Table 5 provide additi@védlence of slight deviation from ideal conditiofLangmuir
model as observed in the differential values oeRerergy of AdsorptiorAG,q9 With increase in surface coverage
(0) values. The dependence of free energy of adsorfgiG,q)of BEZ on surface coverage isascribed to the
inhomogeneous attributes of the stainless steehuSienitic stainless steel not all sites can bévabpnt on the
surface due to heterogeneity, thus the differerdiddorption energies as observed in the experimelatia
(Table5).The free surface energy depends on tlemtation of metal crystals and concentration ofvigsuch as
dislocations, vacancies, micro-distortions of caydttice, etc) at the interface.

Values of AG,qs around -20 kJ/molare consistent with physisorptithose around -40 kJ/mol or higher involve
charge sharing to form a coordinate type of borehtdbkorption. The value &G,4dn HClreflectsstrong adsorption
capability. The negative values &fG,4s showed that the adsorption of BEZ molecules onrtetal surface is
spontaneous [20 — 21]. The valuesA@.qscalculated ranged between -31.50 kJ ‘Mmtd -34.69kJ mol

! Accordingly, the value oAG.qs0btained in the present study indicates that ts®mtion mechanism of BEZ on
austenitic stainless steel is physiochemical butenod chemisorption. The removal of water molecutesn the
surface is accompanied by chemical interaction eetwthe metal surface and the adsorbate, and uhat to
chemisorptions.  The intermolecular bonding is isightly strong to prevent displacement of adsorbed
BEZmolecules along the surface. The nitrogen angjex atoms of BEZ molecules are readily adsorbed thre
metal surface, forming stable precipitates on tle¢airsurface, thus decreasing metal dissolution.

Statistical Analysis

Two-factor single level experimental ANOVA test t@st) was used to analyse the separate and comélfifeets of
the percentage concentrations of BEZ and exposmwe d¢n the inhibition efficiency of BEZ in the cosion of
inhibition of austenitic stainless steels in 3M H&llutions and to investigate the statistical digahce of the
effects.The F-test was used to examine the amdurarimtion within each of the samples relativahe amount of
variation between the samples.

The Sum of squares among columns (exposure time piained with the following equation.

2 2
ss, =2 T (12)

nr N
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Sum of Squares among rows (BEZ concentration)

r? T2

S ="——= (12)
Total Sum of Squares

2 2
SSTotal = Z X" == (13)

The results using the ANOVA test is tabulated ib[€6 as shown below.

Table 6Analysis of variance (ANOVA) for inhibition efficiency of BEZ inhibitor in 3M HCI (at 95% confidence level)

Min. MSR at 95%
confidence

Source of Sum of Degree of Mean Mean Square N o

Variation Squares Freedom Square Ratio Significance F F%
BEZ concentration 1766.37 5 353.27 34.88 271 92'4
Exposure Time 41.37 4 10.34 1.02 2.87
Residual 202.56 20 10.13
Total 2010.29 29

The analysis in 3M HClwas evaluated for a configelevel of 95% i.e. a significance levelf0.05.The ANOVA
results in test solutions reveal only one of theesimental sources of variation (BEZ concentratiom)be
statistically significant on BEZ inhibition effiarey with F-values of 34.88 in HCIl. These are gredten

significance factor at=0.05 (level of significance or probability). Tkevalues of exposure time in the solutions

are less than the significant value factor heney thre statistically irrelevant. The statisticallience of BEZ
concentration in HClis 94.45%. The influence of #agosure time is less than 0% thus practicallyligisde.
BEZconcentration is the only significant model termfluencing inhibition efficiency of BEZ on thewosion of
the steel specimen in the acid solutions. On tagshonly percentage concentration of BEZ signifigaaffects the
inhibition efficiency of BEZ in the acid media isgective of the exposure time.

100 A

(0]
o
1

D
o
1

F - Values

B
o
1

N
o
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A

1 2
Sig. F 94.45 0

0

Figurel2: Influence of BEZ concentration and exposte time on BEZ inhibition efficiency in 3M HCI

CONCLUSION
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Benzenamine (BEZ) showed excellent corrosion inioibicharacteristics on type 304 austenitic staslsteel in 3
M hydrochloric acid due to the blocking effect bktsurface by adsorption and film formation. Thesmases the
active sites necessary corrosion. Increases in B&xcentration resulted in a proportionate increms®EZ
inhibition efficiencyThe protective film formed prents the diffusion of Féto the liquid/metal interface while at
the same time inhibits the diffusion of @ the metal/liquid interface. The average cornegiotential observed is
well within the zone of passivation potentials $tainless steel. The diffraction peaks for thehitbd steel surfaces
showed the absence of iron oxides and chemical cangs associated with corrosion. BEZ was observeibey
Langmuir adsorption isotherm as a result of theemdlar interaction among the adsorbed BEZ specighemetal
surface and changes in the values of Gibbs freeggnef adsorption with increasing surface coverage.
Thermodynamic calculations showed the mechanisnadsforption is through chemical interaction. Stiatibt
analysis using ANOVA showed the overwhelming influe and statistical significance of BEZ concentratin the
inhibition efficiency performance of BEZ.
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