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ABSTRACT

The inhibition efficiency (IE) of diethylene triamei penta (methylene phosphonic acid) [DETAPMP]antmlling
the corrosion of Aluminium metal in a medium camiteg 0.01M NaOH and Zfions was studied by using weight
loss measurements and electrochemical polarizattadies. Similar investigations were carried outdading the
second inhibitor viz adipic acid (AA) also. The timed IE of the above two inhibitors was found ¢onhore than
90%. All the synergism factor values (Sf ) caltedawere greater than unity, confirming the synstigieffect of
the two inhibitors. The protective film formed & imetal surface consists of Zn(Qlhd complexes of Eland
Zr?* with DETAPMP and AA. This is confirmed by UV —iblés spectra, FTIR Spectra and Atomic Force
Microscopy (AFM). Surface morphology studies wavaedusing scanning electron microscopy (SEM) anMAF
Both inhibitors act as mixed inhibitors and obeygeuir adsorption isotherm.

Keywords : Alkaline Aluminum Corrosion, mixed type inhibitorSynergism factor, Langmuir adsorption isotherm,
surface morphology.

INTRODUCTION

Aluminium and aluminium alloys represent an impotteategory of materials due to their high tecbgaal value
and wide range of indusrial applications especialgerospace and household industries. The udeesé materials
in light weight installation is widespread. Alumimn and its alloys are very good corrosion resistardterials in
neutral agueous solution, due to the formationpasfsive film. It is well known that pitting corios occurs on
metals covered with passive films. The Cl ionsseathe passive film to break-down at certain wegrltsson the
metal surface. During pitting corrosion , largetpaf the metal surface are covered with a protedtim and are in
the passive state, while other small parts oftiréace are in the active state. Corrosion belawbaluminium in
various mediums has been studied. Several inhibibave been used to control the corrosion of alwminTo
prevent the corrosion of aluminium in acid mediumhibitors such as imidazoline derivatives [1], Paps decidua
[2] polyethylene glycol and polyvinyl alcohol [3dielonix regia extract [4] and Sansevieria trifatciextract [5],
have been used. In alkaline medium, aegle marmiglages extract [6], polyvinyl alcohol [7], gongrona
latifolium extract [8], bismark brown dye [9], mgthorgange [10] and onion extract. [11] have besepduas
corrosion inhibitors to prevent corrosion of alumm. Corrosion inhibition of aluminium using sug®grdrophobic
films [12], structure and stability of adhesion prating. aminopropyl phosphonate layers at polyh@uminium
oxide interfaces [13], microbially infuenced colimsof aluminium [14], corrosion inhibition of alimum by rare
earth chlorides [15], effects of inhibitors on m®ion behaviour of dissimilar aluminium alloy cosion using
fluorometric methods [16], surface modification Bduminium pigment inhibition [17] and filiform o000 series
aluminium [18], have been investigated. Becausth@fvoice raised by environmental scientists, isdveorrosion
researchers have started using environmental fiigradural products as corrosion inhibitors[19-2B]ater extracts
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from leaves of date palm, phoenix dactylifera, fenbawsonia inermis, corn and Zea mays, were edesas
corrosion inhibitors for steel, aluminium, cop@erd brass in acid chloride and sodium hydroxidetsmis, using
weight loss, solution analysis and potential mezrments [24]. Priya et al. have studied the corrobehaviour of
aluminium in rain water containing gralic extra26]. Jain et al. have investigated the electrocbahtiehaviour of
aluminium in acidic media [26]. Several investigathave reported the corrosion inhibition behavioficarbon
steel, mild steel and copper in acidic medium.-327

The Objectives of the present study are :

1. To study the inhibition of corrosion of aluminiumetal in 0.01M NaOH solution, by Zhions and DETAPMP
using weight loss method.

2. To study the inhibition of corrosion of aluminium ©.01M NaOH solution, by Ziand adipic acid (AA) using
weight loss method.

3. To investigate the combined synergistic inhibitfrcorrosion of alminium in 0.01M NaOH solution, By?*
DETAPMP and AA. The synergism factor is to be chdted from the surface coverage data. |IE Valuesabze
calculated from electrochemical polarization ddsa a

4. To Confirm the possibility of formation of complexef the inhibitors with aluminium and with zincsing UV -
Visible Spectroscopy.

5. To analyse the nature of the protective film fornoedthe metal surface using FTIR, AC impedance, St
AFM techniques.

6. To examine the inhibition mechanism by drawing Lrang adsorption isotherms.

MATERIALS AND METHODS

Commercial aluminium specimens, of dimensions 4.0xx 0.2 cm, containing 99% pure aluminium werbksped
to a mirror finish, degreased with trichloro etmge and used for the weight loss method and fofaser
examination studies. All the weighings of the aliom specimens before and after corrosion were@ezhout
using a Denver Electronic balance (TP214) with abddy of and 0.1 mg in 200g range. This balan@s h
reproducibility (standard deviation) of 0.1 mg.

Determination of inhibition efficiency (IE)

The weighed specimens in triplicate, were suspemhgetieans of glass hooks in 150ml beakers contgib@® ml
of various test solutions in 0.01M NaOH Medium. éftone hour of immersion, the specimens were taken
washed in running water, dried and weighed. Froenctenge in weight of the specimens, the corrasibibition
efficiency (IE) was calculated using the equation:

IE =100 [1-(W / W4] %
Where W = Corrosion rate in the absence of inhibitor, and
W, = Corrosion rate in the presence of inhibitor.

Corrosion Rate (g) is calculated by using the following relationship mmpy unit.

Weight loss (mg) x 87.6
CR:

Immersion Time (h) x density of tetal (g/cm) x area of specimen (én

Electrochemical Polarization measurements

A conventional three electrode cell consisting dfirdinium as working electrode, Platinum as coumtectrode
and a saturated calomel electrode as referenceaglecwas used for potentiodynamic polarizatioristst Cyclic
potentiodynamic polarization studies were carriatlio VSP electrochemical analyzer and the datavasalyzed
by EC — Lab for windows V 9.43(Software), Interrsetrve V 9.40 (firmware) and command interprefor M29
(firmware) % |.E. was calculated by using the folanu

(!J - Iinh)
b

Where, d = Corrosion current in the absence of inhibitor.
kn = Corrosion current in the presence of inhibitor.

IE %= x 100

AC impedancespectroscopic studies were also carried out, ubiegame electrochemical analyser.
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Synergism Factor (Sf)
The Synergistic effect the two inhibitors was saalliby calculating the Synergism factor (Sf), byngsthe
following formula.
1612
Sf =

1-06¢
Where01., =(0; +6,) — (01.6,)
0, = Surface coverage when inhibitor 1 is used.
0, = Surface coverage when inhibitor 2 used.
0c = Surface coverage when the combined inhibitoresyss used.
(W — W>)

W

Surface coveragd) =

Where W = Corrosion rate in the absence of the inhibibdarik)
W, = Corrosion rate in the presence of the inhibitor.

The UV — Visible absorption spectra of solutions

The Possibility of formation of complexes of Zrmnd AP* with DETAPMP and AA in solution was examined by
mixing the respective solutions and recording thely — Visible absorption spectra using Lambda 35
Spectrophotometer.

SURFACE EXAMINATION STUDY

FTIR Spectra

After the immersion period in various environment® specimens were taken out of the test solutimasdried.
The film formed on the surface was scratched clye&nd it was thoroughly mixed so as to make itfanm
throughout. FTIR spectra of the scrapings (KBigiglvere recorded using Perkin — ElImer 1600 sppbintometer
with a resolving power of 4 cih.

Surface Morphology
Scanning Electron microscopy (SEM) and Atomic Folktieroscopy (AFM) were used for surface morphology
studies.

SEM images of polished Aluminium metal, Corrodedtéflend Corrosion inhibited metal surfaces are neeo
with VEGA 3 TESCAN microscope and compared.

Atomic force microscopy (also known as scanningdomicroscopy) is a powerful technique for the gstly of
roughness statistics from a variety of surfaceg.[3FM is becoming a well accepted method of rouegm
investigation [33-38].

All AFM images were obtained on a pico SPM 2100 Algtrument operating in contact mode in air.

Structure of inhibitors.

DETAPMP mp
\ O‘H
%7 N " wb= CH~P=0
5 & T, P Hy '
io G\ OH
PALN
™o mpowp

Adipic acid HOOC - CH - CH, — CH, — CH,— COOH.
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RESULTS AND DISCUSSION

Weight loss study :

The percentage inhibition efficiencies (IE%) of’Zions, DETAPMP and AA separately and in combinatioave
been evaluated in 0.01 NaOH Medium, by weight teshnique at 3t and the results are summarized in table |
to | ().

Table |y illustrates the effect of concentration of DETAPMR the IE. It is observed that 50 ppm of DETAPMP
has maximum IE 74.2%. which gradually decreasemduhe increase of its concentration. This maydbe the
steric hindrance experienced by the bigger molecafeDETAPMP in travelling through the bulk of tkelution
towards the metal surface and desorption of addammecules at higher concentrations.

Table |, depicts the influence of concentration of AA oe 1k, which increases from 18% to 44% during inseea
of AA from 40ppm to 240 ppm.

Table |¢) explains the combined effect of DETAPMP and AAtha IE. At an optimum constant concentration of
200ppm of DETAPMP, an unequivocal increasing trefitE is demonstrated during the increase of cotmragéon
of AA, which reaches nearly 90% at a concentratib820ppm adipic acid.

Table I(d) also shows the combined effect of the imhibitors, but with a constant amount of AA, rdowith
varying concentrations of DETAPMP. Here also, a immaxn IE (98.9%) is observed at 50 ppm DETAPMP, \whic
decreases to 79.8% at 300 ppm concentration.

Table I(a)
Zn ?* = 20 ppm, Adipic acid — NIL
Concentration of DETAPMP ppm | Corrosion Rate CR (mmpgy) | |IE% | Surface Coverage ;
0(Blank) 28.29 - -
10 18.10 38.2 0.382
25 8.88 69.6 0.696
50 7.57 74.2 0.742
100 17.44 40.5 0.405
150 23.37 20.2 0.202
200 23.70 19.1 0.191
250 23.70 19.1 0.191
300 23.37 20.2 0.202
Table | (b)
Zn % = 20 ppm, DETAPMP- NIL
Concentration of A.A ppm | Corrosion Rate G (mmpy) | IE % | Surface Coverage ,
0 (Blank) 28.29 - -
40 24.02 18 0.180
80 22.71 22.5 0.225
120 21.06 28.0 0.280
160 18.76 36.0 0.360
200 16.13 44.9 0.449
240 14.81 49.4 0.494
280 14.81 49.4 0.494
320 15.13 48.3 0.483
Table I(c)
Zn % =20 ppm
CS’E_T_‘:SE‘E,O” (pK)T) Corrosion Rate Gz (mmpy) | IE % | Surface Coverage .
200 0 23.37 20.2 0.202
200 80 8.23 71.9 0.712
200 120 6.58 77.5 0.775
200 160 5.60 80.9 0.809
200 200 4.61 84.9 0.849
200 240 3.61 87.7 0.877
200 280 3.29 88.8 0.888
200 320 2.96 89.9 0.899
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Table | (d)

Zn ** = 20 ppm

izncentgaét})zéﬁ)? ) Corrosion Rate Gz (mmpy) | IE% | Surface Coverage .
200 0 16.13 44.9 0.449

200 50 0.33 98.9 0.989

200 100 1.32 95.9 0.955

200 150 4.61 84.3 0.843

200 200 4.94 83.2 0.832

200 250 5.6 80.9| 0.809

200 300 5.92 79.8 0.798

UV - Visible spectral analysis:

The increase in absorbance values in the UV — Misipectra of pure inhibitor compounds and theitanes with
Al** and ZA&* suggest the possibility of formation of complerésnhibitors with AP*and Z#* [Fig 1(a), 1(b), 1(c)
and 1(d)].

UV spectrum UV spectrum

33402001619

190. 0 w0 50 60 i 80 ) 100 1100 1900 0 “ 0 0 o & o 1000 1100,

Instrument Model: Lambda 35 Instrument Model: Lambda

) - ) Figure 1(b) Pure DETAPMP
Figure 1(a) Pure Adipic Acid (AA)
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Figure 1(d) DETAPMP+Zn?" + AP**+Adipic
Acid(AA)
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FTIR Spectral analysis

The FTIR Spectra of pure Adipic acid and pure DEM®P are given in Fig 2(a) and 2(b) respectively. The
characteristic absorption peaks of these two comg®are very well seen in the spectra.

FTIR Spectrum of the scrapings of adipic acid 2" Zmhibitor layer formed on Aluminium specimen izghn in Fig
2(c) and that of the scrapings of the inhibitorteys (Zrf* and DETAPMP) is given in Fig 2(d).

The shifts in the frequencies of the absorptiorkpealearly indicate the formation of complexestod inhibitors
with A1**, and ZA" which are adhered on the surface of the Aluminipecanen during immersion.

FTIR SPECTRUM

Fig : 2 (c) Adipic Acid + Zn*" AP**

Fig: 2 (a) Pure Adipic Acid (AA)

aaaaaaaaaaaa
FTIR SPECTRUM

Fig: 2(d): DETAPMP+Zn*+AI**
Fig: 2(b): Pure DETAPMP

Table Il (a) - Potentiodynamic Polarization Data

Zn** 20ppm; DETAPMP 200 ppm Respective Figure
AA ppm | - Ecorr (V) | Icorr (mA) | IE%
0 1.58 7.556 - 3(a)
80 1.641 2.333 69.2 3(b)
160 1.663 1.20 84.1 3(c)
240 1.658 0.78 89.7 3(d)
320 1.605 0.48 93.6 3(e)

Electrochemical Studies

The results of the potentiodynamic polarizationdsta for the blank and various environments coimgirthe

inhibitor systems are summarized in Tablg.ll 1E values calculated from the polarization data in good
agreement with those obtained from weight loss.datae curves in figures 3(a) to 3(e) illustratattthe nature of
the curves remains almost the same, even aftexdtiiéion of inhibitors. However, on increasing ttencentrations
of the inhibitors, the curves are gradually shiftedards lower current density. The corrosion ptékwvalues also
are shifted towards negative direction, indicatthg decrease in the rate of the cathodic reactomther, the
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decrease in the anodic and cathodic Tafel sid@eandpc are related to the decrease in both the cathenatic
anodic currents. Both the inhibitors act as mixedhitors.
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The impedance spectral graphs are given fig 4(&)(@d. The impedance values (Zimagi) tabulatedablé II(b)
confirm the adsorption of the inhibitor system dadmnation of the layer of the inhibitor complexes the metal

surface.

Table Il ) — Impedance Data.

Zn** 20 ppm; DETAPMP — 200 ppm
AA Zimaginary Respective Figure
ppm (m ohms).
0 438 4 (a)
80 492 4(b)
160 790 4(c)
240 825 4(d)
320 925 4(e)

Synergism Factors (9

The synergism factor (Sf) values are calculatededented in tables Ili(a) and llI(b). It is irgsting to note that
all the Sf values are greater than unity. proving high degree of synergistic effect of the twoibithrs used.
Maximum Synergistic effect is seen with the intibisystem containing 20ppm Zn 50 ppm DETAPMP and 200

ppm AA (Sf=13.9).

Table lli(a) SYNERGISM

Concentration (ppm)
DETAPMP AA >
200 80 2.2
200 120| 2.6
200 160 | 2.7
200 200 | 2.8
200 240 | 34
200 280 | 3.7
200 320 | 41
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Table lli(b) SYNERGISM

Concentration (ppm) s
AA DETAPMP

200 50 13.9
200 100 8.2
200 150 2.8
200 200 2.7
200 250 24
200 300 2.2

Adsorption Isotherms

The mechanism of corrosion inhibition proceeds ugio adsorption process. The complexes formed by the
inhibitors get adsorbed on the metal and a thirday formed on its surface. The surface area eavéy the
inhibitors is directly proportional to retardation corrosion rate and and the adsorption processst mbey
Langmuir adsorption isotherm.

0 Q
Llog —— =logA+logC——"
19 2.303 RT
The validity of Langmuir isotherm is confirmed thetlinearity of the lodJ/(1-0)] Vs log C plots

LANGHUIR PLOT LANGMUIR PLOT
26 3
2k (R
20 (e
8 ol
m —~
b? ' A ? 08
2 e
«
N o F,,
103
(<]
o o6
o8 os|
ob 04
b 28 4 P 22 2 20 19 L8 17 V6 5 14 W 2o [;c Tz 23 24 25
Loy €
Fig. 5 (a) 200 ppm AA + Varlous amounts of DETAPMP. Fig. 5 (b) 200 ppm DETAPMP + Varlous amauts of AA.

Analysis of SEM images
The SEM images of polished metal, the same immers€d01M. NaOH solution and in the combined intabi
system are given in Fig 6(a), 6(b) and 6(c) respelgt.

A comparative examination of these images clearfygsst that the surface of Aluminium specimen isaimened
to a very large extent in the presence of the coatbiinhibitor system. This smoothening might be tué¢he
adsorption of the inhibitor — metal complex molesubn it and thus the surface is fully covered.

30KV X1000 Wi

Figure 6 (a) | Figure 6(b)
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Figure 6 (c) Figui€d)
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Figure 7 (c)

Analysis of AFM images

Fig 7(a),7(b) and 7(c) show the AFM images of gwid metal,corroded surface in the absence of itwhgand the
smoothened surface in the presence of inhibit@spactively. Table IV gives the corresponding rowegs and
peak-to-valley height values.

Table-1V - AFM roughness data.

samole RMS(Rq) ré\:eﬁigez S Maximum peak-to-valley | Respective
P roughness(nm) (Rga)nm Height (P-V)nm Figure
Polished Al metal 32 24 130 7 (a)
Al immersed in 0.01M NaOH solution 72.6 56.2 314 (by
Al immersed in combined inhibitor system 38 29 175 7 (c)

A comparative view of the above roughness tablarttedemonstrates that the surface of the metaimisothened
due to the absorption layer formed.

CONCLUSION

i. DETAPMP has reasonably high corrosion inhibitiortauf4% in the presence of Znions for aluminium in

0.01M NaOH solution. But beyond 50ppm, increaseasfcentration of DETAPMP decreases the IE.

ii. AA also acts as a fairly good inhibitor for alumintin 0.01M NaOH Solution, in the presence of Zions. IE
increases with the concentration of AA and it isximaum, 49%, at 240 ppm of AA.

iii. When both DETAPMP and AA are used together, thebined IE increases remarkably upto 98%. IE values
calculated from polarization studies also are inadgagreement with those of weight loss studies.

iv. Synergism factor (Sf) values are certainly gre#ttan unity, confirming the high degree of syneigistffect of
DETAPMP and AA.

v. Electrochemical polarization studies show thatitiébitors act as mixed inhibitors.

vi. Observations made from FTIR, SEM, AFM and Langnaudisorption isotherm suggest that the corrosiorbitibn
occurs through the adsorption of inhibitors onghgace of aluminum.
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