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Abstract

The inhibitive effect of the piperidin-1-yl-phospfio acid (PPA) on the corrosion of iron in 0.5 M3@,
solution has been investigated by weight loss nmreasent, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) teciesi. The presence of (PPA) reduces remarkably the
corrosion rate of iron in acidic solution. The eff@f temperature on the corrosion behavior of ivas
studied in the range of 298-328 K. Our results rjegeveal that the (PPA) behaves as a mixed type
corrosion inhibitor with the highest inhibition &tmM. The adsorption of PPA on the iron surfaceyslie

the Langmuir's adsorption isotherm.

Key wordsiron; thermodynamic parameters; phosphonic astdbition.

1. Introduction
The use of inhibitors is one of the most practimathods for metals protection against corrosioadidic
media [1]. Acidic solutions are used extensivelychemical and several industrial processes sudcids
pickling, acid cleaning, acid descaling and oil wktaning among others uses [2]. Chemical inhibitme
often used for these processes mainly to contehtbtal dissolution and acid consumption. Most efl-w
known acid corrosion inhibitors are organic compisinontaining nitrogen, sulfur or oxygen atoms [3#7
has been found that most of the organic inhibitacs by adsorption on the metal surface [8]. This
phenomenon is influenced by the nature and sudhaege of metal, the type of aggressive electraiyte
the chemical structure of inhibitors [9]. A largember of organic compounds were studied as comosio
inhibitors for iron and low alloyed steels [10-12flost of them are toxic in nature. This has ledhe
development of non-toxic corrosion inhibitors sachtryptamine [13], cefazolin [14], mebendazole, 65
2.3-diphenylbenzoquinoxaline [17].

Phosphonates, which were originally introduced @desinhibitors in water treatment, were later
proved to be good corrosion inhibitors also [18jelf impact on environment was reported to be géxé
at the concentration levels used for corrosionhition [19-20]. There are excellent sequesteringnésg for
electroplating, chemical plating, degreasing aeduing [21]. The use of phosphonic acids for tletgation
of iron and its alloys from corrosion in differamiedia has been the subject of several research&s \\&2-
30].
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In this contribution, we report on our attempt 8&electrochemical impedance spectroscopy (EIS),
potentiodynamic polarization, weight loss, and sdag electron microscopy (SEM) to investigate théune
of adsorption of PPA on iron surface.

2. Experimental

2.1. Electrochemical cell

Electrochemical experiments were performed usingoaventional three electrode cell assembly. The
working electrode is An Armco iron rotating disk tvisurface area of 1 émand had the following
composition (O: 0.03%, Mn: 0.03%, N: 0.018%, S:18%, C: 0.012%, P: 0.004%, Fe: 99.8%). It is aldlade
with different emery papers up to 1200 grade, wdsheroughly with double-distilled water, degreasétth

AR grade ethanol, acetone and drying at room teatyes.

A saturated calomel electrode (SCE) was used agefeeence electrode. All the measured potentials
presented in the experimental work are referretthitoelectrode. The counter electrode was a platiplate
with a surface area of 2 ém

The organic compound tested is piperidin-1-yl-plaspc acid (PPA). It is synthesized by the microgvav
(mono-mode Prolabo Synthewave 402) technique biotlmving reaction:

HsPO; , HCOH PO(OH),
/
NH >~ N—CHj
HCI , H,O

The obtained product was purified and charactdrising®H, **C, *P nuclear magnetic resonance (Fourier
BrukerAC250 multinuclear) and infra-red spectroscqPekin Elmer 16 PC FT-IR spectrometer) methods
[27]. The molecular structure of the studied phasphacid compound is shoviig. 1

PO(OH),

N—CH,

Figure 1 Structure of Piperidin-1-yl-phosphonic acid (PPA)

The aggressive solutions, 0.5 M3, were prepared by dilution of analytical grade 985O, with
distilled water. The inhibitor is added to freslpgepared 0.5 M k80, in the concentration range of 0.1 —
5 mM.

2.2. Methods
2.2.1. Gravimetric measurements
Gravimetric measurements were carried out in a leowhlled glass cell equipped with a thermostatiogo
condenser. The solution volume was 100 mL of 0.5HMPO, with and without addition of different
concentratios of inhibitor. The iron specimens used have a regibar form (2 cm x 2 cm x 0.05 cm). The
immersion time for the weight loss was 24 h at R98nd 6 h at the other temperatures. After theoston
test, the specimens of iron were carefully washedduble-distilled water, dried and then weighede T
rinse removed loose segments of the film of theood samples. Triplicate experiments were perfdrine
each case and the mean value of the weight logpa@ted. Weight loss allowed us to calculate tleam
corrosion rate as expressed in mgZcii. The inhibition efficiency (IE %) was determiney bsing the
following equation:

IE% = M x100 Q)

Where,CRandCR, are the corrosion rates of iron with and withdw inhibitor, respectively.
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2.2.2. Electrochemical measurements

Two electrochemical techniques, namely DC-Tafepsland AC-electrochemical impedance spectroscopy
(EIS), were used to study the corrosion behavidlirexperiments were performed in one-compartmestit
with three electrodes connected to a Voltalab la@d{&neter PGZ 100) system controlled by the Volta
master 4 corrosion analysis software model.

Polarisation curves were obtained by changing leetrede potential automatically from —800 to -30¥
versus open circuit potentigkf,) at a scan rate of 1 mVs The inhibition efficiency is calculated by the

following equation:
0

IE%=|°°”iO¢X100 2)

corr

Whereil andi_, are the corrosion current density values withoat\aith inhibitor, respectively.

EIS measurements were carried out under poteniiosteonditions in the frequency range
100 - 0.01 Hz, with amplitude of 10 mV peak-to-peaking AC signal aE,, All experiments were
performed after immersion for 60 min in 0.5 M3®, with and without addition of inhibitor.

corr

2.2.3. Surface morphology

For morphological study, surface features (0.98<>00.2cm) of Armco iron were examined after expesu
to 0.5 M HSO, solution after 1 day with and without inhibitorEQL JSM-5500 scanning electron
microscope was used for this investigation.

3. Resultsand discussion

3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration

Corrosion inhibition performance of organic compdsiras corrosion inhibitors can be evaluated using
electrochemical and chemical techniques. For tlenatal methods, a weight loss measurement is ideall
suited for long term immersion test. Corroboratiesults between weight loss and other techniques ha
been already report¢d1—-34]

The anodic dissolution of iron in acidic media dnel corresponding cathodic reaction has been exghtot
proceed as followg35]:

Fe— F&" + 2e- ()
2H" + 2e-— 2H,4s— H; (4)

As a result of these reactions, including the tbghubility of the corrosion products, the metaldsaveight

in the solution. The values of corrosion rate amlihition efficiency from gravimetric measuremeiats
different concentrations of PPA are summarized able 1 and the inhibition efficiency as a function of
concentration is shown iRig. 2 The results show that as the inhibitor conceiainancreases, the corrosion
rate decreases and therefore the inhibition effeyeincreases. It can be concluded that this itdrikacts
through adsorption on iron surface and formatioradfarrier layer between the metal and the coreosiv
media.

Table 1 Corrosion parameters obtained from weight losssoneements for iron in 0.5 M430, containing
various concentrations of PPA at 298 K.

C (M) CR (mg cm?®h™) IE %
Blank 0.43 -

0.0001 0.24 44
0.0005 0.14 67
0.001 0.10 77
0.005 0.02 95
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Figure 2 Variation of inhibition efficiency (IE%) with theoncentration of PPA for iron in 0.5 M,80,

3.1.2. Effects of temperature

Temperature has a great effect on the rate of ned¢atrochemical corrosion. In case of corrosiorain
acidic medium the corrosion rate increases expaibntvith temperature increase because the hydroge
evolution over potential decreasg®6]. Furthermore, the value of inhibition efficiency icates the
adsorption ability of inhibitor molecules on the talesurface; the higher inhibition efficiency resuin the
higher adsorption [37]. The effect of temperatunettee adsorption behavior of PPA was investigatedgu
weight loss measurements in the temperature rah@98-328 K with and without inhibitor at different
concentrations in 0.5 M 430,. The values of inhibition efficiency obtained gigen inTable 2andFig. 3

It is clear that inhibition efficiency increasedfas as inhibitor concentration increases. The maxn value
of inhibition efficiency (E%) obtained for 5 mM PPA is 95% at 298 K. The intidni efficiencies decrease
slightly with increasing temperature, indicatingttmigher temperature dissolution of iron predortdgaan
adsorption of PPA at the metal surface.

100 ~
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o
2 —=298K
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——328K
() 1 1 T 1 1
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C inh M

Figure 3 Variation of inhibition efficiency (IE%) with commtration of PPA for iron in 0.5 M 430, at
different temperatures.

In order to obtain more details on the corrosiarcpss, activation kinetic parameters such actimatio
energy(Ey); enthalpy AH®) and entropyAS? are obtained from the effect of temperature gigirrhenius
law (Eg. (5)) and the alternative formulation ofA&nius equation (Eq. (6))12,14}
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E
logCR) =logA——2— 5
9CR g 2.302RT ®)

CR= (ﬂjex;{Asojex;{— AHO) 6) (
Nh R RT

whereCRis the corrosion rateR is the universal gas constaitjs the absolute temperatue s the pre-
exponential factoh is Plank’s constant ardis Avogadro’s number.

The plot oflogCR againstl/T for iron corrosion in 0.5M k80, in the absence and presence of different
concentrations of PPA is presentedFig.4. All parameters are given ihable 3 In the present study, it
could be seen that the activation energy was highttte presence of inhibitor compared with thenkldn
addition, increasing concentration of PPA resuitthe increasing of the activation energy. Sucheiase of
the activation energies in the presence of inhibgattributed to an appreciable decrease in tlseration
process of the inhibitor on the metal surface witdrease in temperature; and corresponding incrieatbe
reaction rate because of the greater area of th& mgosed to acifB8]. A decrease in inhibition efficiency
upon rising the temperature, with analogous in@eascorrosion activation energy in the presence of
inhibitor compared to its absence, is a good evdefior physisorption mechanism of PPA on the iron
surface38-40].

Table 2 Corrosion parameters obtained from weight lossréorin 0.5 M HSQ, containing various
concentrations of PPA at different temperatures.

C (M) CR (mg.cm®h™) IE %

T/ K 298 308 318 328 298 308 314 328
Blank 0.43 0.82 1.30 2.25 - - - -
0.0005 0.241 | 054 0.97 1.86 44 34 25 17
0.001 0.145 | 0.38 0.76 1.56 66 53 41 30
0.002 0.106 | 0.28 0.51 1.12 75 66 60 50
0.004 0.021 | 0.07 0.21 0.52 95 91 84 77

Blank
0.0001 M
0,0005M
0,001 M
0.005M

log CR (mg cor? )

X O P O¢

5
"y
%)
N

3.1 3.2

93]

1000/T (K1

Figure 4 Arrhenius plots for iron corrosion rates (CR) itb OM H,SQO, with and without different
concentrations of PPA.

Experimental corrosion rate values obtained frorghtdoss measurements was used to further gain
insight on the change of enthalpyH°®) and entropyAS9 of activation for the formation of the activatio
complex in the transition state using equation (B})-
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Fig. 5shows the plot ofog(CR/T)versusl/T for iron corrosion in 0.5 M 80, in the absence and
presence of different concentrations of PPA. Sirtdiges were obtained with slope @fH°/2.303R and an
intercept of [og (R/Nh)(AS°/2.303l from which the values oAH° and AS° respectively were computed
and listed also iTable 3 The positive signs ohH° reflect the endothermic nature of the iron dissoiu
procesg41]. By comparing the values of entropy of activati®®®, it is clear that entropy of activation
increased in presence of the studied inhibitor e to free acid solution. Such variation is aisged
with the phenomenon of ordering and disorderinghbibitor molecules on the iron surface. The insszh
entropy of activation in the presence of inhibitndicated that disorderness is increased on gaio f
reactant to activated complex [42]. Therefore, dieerease in corrosion rate is mostly decided byérig
values ofE, and AH° since both parameters increases with concentra¢isulting in the reduction of the
corrosion rate of iron. The results obtained aragreement with Eq5) and (6)which indicate that higher
E.andAH?® lead to lower corrosion rate.

4 Blank
O 0.0001M
-4 4 A 0.0005M
O 0.001M
¥ 0.005M

log CR/T (g em2 W' K1)

-2 T T T 1

.
3.2

Y]

78]

—
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(Y]
[7¥)
sy

1000/T (K°H

Figure 5 Transition-state plots for iron corrosion rateRjGn 0.5 M HSO, with and without different
concentrations of PPA.

Table 3 Corrosion kinetic parameters for iron in 0.5 M3@), at different concentrations of PPA.

Cinn (M) Ea (kJ mof) R AH° (kJ mot%) AS° (J mof)
Blank 41.11 0.998 41.48 -112.75
0.0005 50.07 0.998 51.92 -81.89
0.001 57.3 0.996 60.6 -63.37
0.002 61.06 0.998 59.57 -57.29
0.004 83.08 0.998 84.11 5.97

3.3. Adsorption isotherm

Adsorption depends mainly on the charge and natfithe metal surface, electronic characteristicshef
metal surface, adsorption of solvent and otherci@piecies, temperature of corrosion reaction anthen
electrochemical potential at solution-interfaceséiption of inhibitor involves the formation of tviygpes of
interaction responsible for bonding of inhibitoraanetal surface. The first one (physical adsonpti® weak
undirected interaction and is due to electrostti@ction between inhibiting organic ions or dgmbnd the
electrically charged surface of metal. The secome tof interaction (Chemical adsorption) occurs mvhe
directed forces govern the interaction betweenaitigorbate and adsorbent. Chemical adsorption iasolv
charge sharing or charge transfer from the adserbatthe metal surface atoms in order to form a
coordinative type of bond. Chemical adsorption &&iee energy of adsorption and activation energlyer
than physical adsorption and, hence, usually iréversible[43]. Adsorption isotherms are very important
in determining the mechanism of organic electrodbahreactions. Several adsorption isotherms can be
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used to assess the adsorption behavior of theitotibThe most frequently used are Langmuir, Tenakid
Frumkin. In order to obtain the adsorption isothetime degree of surface coveragd for various
concentrations of the inhibitor has been calculammbrding to the equation:

_CR,-CR
“Tem

Where,CR andCR, are the corrosion rates of iron with and withdw tnhibitor, respectively. Langmuir
isotherm was tested for its fit to the experimedtgh. Langmuir isotherm is given by following etjoi:

Com - 1 +Cip, (8)

g K

g (7)

ads

where 0 is the surface coverag€i,, is the molar concentration of inhibitor akdgs is the equilibrium

constant of the adsorption process.
. . C,
From the values of surface coverage, the lineaessgpns betweeﬂg—h andC;,, are calculated and

C.
the parameters are listed in Table 4. Fig. 6 shtwes relationship between'a%h and Ci,, at various

temperatures. These results show that the linegnession coefficientsR) are almost close to 1.000,
indicating that the adsorption of inhibitor ontorirsurface agrees to the Langmuir adsorption isathe

298K

o > 0O &

Con/0/ M

0 0.002 0.004 0.006
Co/ M

Figure 6 Langmuir’'s isotherm adsorption model of PPA on itftoe surface in 0.5 M 80O, at different
temperatures.

Table 4 Thermodynamic parameters for the adsorption of BR#e iron in 0.5 M k5O, at different
temperatures.

Temperature (K) R K age AG®,q5(kJ mol?)
298 0.998 5x10 -31.08
308 0.999 2x10 -29.77
318 0.999 1.66x10 -30.26
328 0.999 1x10 -29.18

The equilibrium constants of the adsorption predis,) decrease upon increasing the temperature
values (Table 4). It is well known th&,s indicates the adsorption power of the inhibitotoothe metal
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surface. Clearly, PPA gives higher valueskgfs at lower temperatures, indicating that it was aosdr
strongly onto the iron surface. Thus, the inhilitiefficiency decreased slightly with the increagse i
temperature as the result of the improvement abrggi®n of PPA from the metal surface.

The standard adsorption free enefg§ .49 is obtained according to the following equation:

AG®,, = -2.303RTlog(555K ) 9)

whereRis the universal gas constamtthe thermodynamic temperature and the value 53tei molar
concentration of water in the solution.

The large values cdG°,4s and its negative sign are usually characteridt@& strong interaction and
a high efficient adsorptiofi44]. Generally, values 0AG®gs up to —20 kJ mél are consistent with
physisorption while those around —40 kJ thar higher are associated with chemisorption assaltr of
sharing or transferring of electrons from organmenules to the metal surface to form a coordihgte of
bond [39-41]. In the present study, the calculat@ldes ofAG®,4s Obtained for PPA range between -29.18
and -31.08 kJ mdl(Table 4), indicating that the adsorption mechana PPA on iron in 0.5 M 80,
solution at the studied temperatures may be a amtibh of both physisorption and chemisorption
(comprehensive adsorption) [30,45].

3.3. Potentiodynamic polarization studies

The potentiodynamic polarization behavior of irom 0.5 M HSQO, with the addition of various
concentrations of PPA inhibitor is shown in Figlhe corrosion kinetic parameters such as corrosion
potential E.orr), cOrrosion current density ), anodic and cathodic Tafel slopds andb.) were derived
from these curves and given in Table 5.

'
tad

(A/em?)

——0.0001M
-4 - ——0.0005M
0 0.001M
——0.005M

logi

=730 630 -350 -430

E (mV/SCE)

Figure 7. Potentiodynamic polarization curves for iron i6 8 H,SO, containing different concentrations of
PPA.

From the experimental values it appears that thgtiad of the inhibitor decreases the dissolutiarerof
iron in acid media. Thé.,, values showed a decrease from 425 toruZ!5cm’2 on the addition of PPA
inhibitor to the acid medium producing HtP6 of 94%.

Data fromTable 5 showshat cathodic and anodic Tafel slope values babarate almost the same with and
without inhibitor, which indicates that the inhimitadsorbs on metal surface by simply blockingabeve
sites. The mechanism of anodic and cathodic raati® not affected. Behaviour of this type has been
observed for iron in 50, and HCI solutions containing other inhibitd29,46,47].The addition of PPA
does not alter significantly the value of,Eindicating the mixed type of inhibiting behaviooir the added
inhibitor.
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Table 5 Polarization parameters and the correspondindpiitidn efficiency of iron corrosion in 0.5 M
H,SO, containing different concentrations of PPA at 298 K

Cin (M) | EcodMVISCE) | leor (MA €i®) | by (mV dec’) | b (mV dec)) El %
blank -504.8 425 59 -157.2 -
0.0001 -512.3 240 63.1 140 43
0.0005 -512.3 142 55.4 -140.5 66
0.001 -511.4 55 51 -137.3 87
0.005 -510.6 25 50.2 -1.37 94

3.4. Electrochemical impedance spectroscopy
Electrochemical impedance measurements were camiethe frequency range from 100 kHz to 0.01 Hz at
open circuit potential. The Nyquist representatiah the impedance of iron in 0.5 M,$0, with and
without addition of various concentrations of PP#& given inFig. 8 The existence of single semi circle
showed the single charge transfer process dursgphiition which is unaffected by the presence loibitor
molecules. Deviation of perfect circular shape fiero referred to the frequency dispersion of irgeidl
impedance. This anomalous behaviour is generattjpated to the inhomogeneity of the metal surface
arising from surface roughness or interfacial pmesoa[48-50].
The simplest fitting is represented by Randles\edent circuit Fig. 9, which is a parallel combination of
the charge-transfer resistand&,( and a constant phase element CPE, both in settbsthe solution
resistancely). The impedance of the CPE is expressed :

1

Yy(j@)
where Y, is the magnitude of the CPE, n is the exponerdagelshift)w is the angular frequency and j is the

imaginary unit. Depending upon the values of n, GR&y be resistive for n = 0, capacitance for n = 1,

Warburg impedance for n = 0.5 or an inductancenfor-1.
600 -

CPE (10)

- Blank
500 A —0—0.0001 M
=N .0005M
400
—o—0.001 M
;:; 300 ——=0.005M
‘a
N G— 0
=] 0
= - o
& 200 4 . g

o 0.

Ty

I
Iﬂn
1 O-0-00 o
100 { et %

0 - T |

0 100 200 300 400 300 o600
Zre (L2 cm?)

Figure 8 Nyquist plot for iron in 0.5 M K50, with and without different concentrations of PPA.

Rs CPE

N —4—|

11
R .

Figure 9 The electrochemical equivalent circuit used tehfd impedance spectra
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The charge transfer resistané®)(and the constant phase element CPE derived fiegetcurves are given
in Table 6. In fact, the addition of inhibitor imeases the values Bf; and reduces the CPE. The decrease in
CPEis attributed to increase in thickness of electauuble layef51]. The values of n obtained were close
to unity which shows that the interface behavesiyeapacitive. The increase Ry, value is due to the
formation of protective film on the metal/solutiorierface[52,54] These observations suggest that PPA
molecules function by adsorption at metal surfaegeaby causing the decrease€iREvalues and increase

in Ry values. The data obtained from EIS techniqueragwod agreement with those obtained from
potentiodynamic polarization and mass loss methods.

Table 6 Electrochemical impedance parameters of iron sarroin 0.5 M HSO, containing different
concentrations of PPA at 298 K.

Cinn (M) Rs(Q cnT) CPE (uF/crf) n R (Q cnt) El%
blank 6 46 0.90 46 -
0.0001 5.25 38.26 0.92 85 44
0.0005 8.06 30.21 0.92 133 65
0.001 7.04 12.05 0.92 284 83
0.005 7.82 5.11 0.93 600 92

3.5. SEM analysis

With the presence of PPA, the film formed is alolgototect iron from corrosion according to the hessaf

the electrochemical measurements. In order to durtlonfirm the corrosion resistance ability of A
film, scanning electron microscopy was applied ttalg the surface morphology of Armco iron with and
without inhibitor. As can be seen from tlkég. 1Q there are distinct differences between the tvem ir
surfaces with and without inhibitor. The SEM photggh Fig. 10(a) shows that the surface is highly
damaged in the absence of the inhibitor while E@b) shows the formation of a film on the metaface
which causes the corrosion inhibition. The phenameimplied that the presence of PPA film can priotec
the Armco iron from corrosion efficiently.

Figure 10 SEM micrographs of samples after immersion in 0.3480, (a) without (b) with 5 x1T of
PPA.
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3.6. Mechanism of inhibition

As follows from weight loss, potentiodynamic potation and EIS measurements, corrosion of Armao iro
in 0.5 M HSQ, is retarded in the presence of different concéntia of PPA. The results clearly showed
that the inhibition mechanism involves blockingimn surface by inhibitor molecules via adsorptidhe
compound inhibits corrosion by controlling both #eodic and cathodic reactions. In acidic solutitires
inhibitor exists as protonated species. These pabénl species adsorb on the cathodic sites ofarmh
decrease the evolution of hydrogen. The adsormtioanodic sites can occur either directly on th&sbaf
donor acceptor interactions between thelectrons of the heterocycle compound and loneqiaglectrons
of nitrogen and oxygen atom which decrease theiamtigsolution of Armco iroi54].

Conclusion

1. PPA s an efficient inhibitor and the inhibitiorfiefency increases upon increasing the concentratio
but decreases upon rising the temperature.

2. The inhibition efficiencies obtained by polarizatjd&EIS and weight loss measurements are in good
agreement.

3. Polarization curves show that the inhibitor is &exli type one.

4. The adsorption of PPA on iron surface was foundéan accordance with Langmuir adsorption
isotherm model. From the thermodynamic point ofwithe adsorption process is accompanied by a
decrease in entropy of the system.

5. The corrosion inhibition potential can be attrililite adsorption which is revealed by SEM studies.
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