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ABSTRACT

A rust converter based on phosphoric acid hadbeen designed and analyzed for the corrosion of mild steel in neutral
and acid media. The corrosion inhibition efficiency of the converter was evaluated by means of electrochemical
techniques such as electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization in comparison
with untreated rusty steel at different temperatures. The forming mechanism of the conversion layer was discussed
on account of the formula of the converter preparation together with the X-ray analysis resullts.
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INTRODUCTION

Iron rust can be generally divided in two categarigon-adherent rust(NAR) and adherent rust(ARn-sldherent
rust results from the direct contact between théah®murface and the atmosphere, which is friabteydery and
high impurity-containing but easy to remove by nwubal treatment. While adherent rust generates ftioe
interaction of inner iron and penetrated water,ntgning a high adherent force with substrate thiffscult for
removal. The different component and heterogend@isbution of the latter are responsible for teerease of the
cohesive forcebetween the subsequent painting asd imental as well as the anodic corrosion afeerctating
deterioration[1]. For a long time, various techrdguof surface treatment are employed to prevemh fnoetal
corrosion, among which sand blasting provides téglel of rust removal and the superior surface withghness
suitable for subsequent anticorrosive painting. By, this kind of traditional rust removing methisdvery
time-consuming. Additionally, it can’t always beedsconveniently especially for the geometry of tarato be
treated, e.g. the corner and notch. Now rust cdewe commercially available as an alternativewercome these
shortcomings. Rust converter is a liquid metalttreat agent sprayed on rusty surfaces so as tecedoifne rust into
other adherent chemical compounds, thus providpsotective layer and prevents from further corrosieith
subsequent coating treatment. Moreover, it redlates strength and environmental pollution to aafjextent.

Among the rust converters, special attention hadlipeéd to the ones based on tannins and phospacide while
the results on protection efficiency of rust conees were controversial due to several factorsh siscthe type of
acid and its concentration[2~4]. This work presdat@ew rust converter with formulation based onsphoric
acid. The performance of steel samples with rustconverted layer was investigated by electrochelmica
characterization i.e. potentiodynamic polarizationd electrochemical impedance spectroscopy(El&gutral and
acid environment, and the mechanism of effectivepanents in the formulation was discussed.

EXPERIMENTAL SECTION

Reagents for preparation of the designed rust etetveere shown in table 1.

495



Xiaodong Zhaoet al J. Chem. Pharm. Res,, 2013, 5(12):495-501

Tablel. List of thereagentsfor rust converter preparation

Reagent Chemical formula  Mass concentration| %
Zinc oxide Zn0O 0.1~10
Orthophosphoric acid PO 20~40
Potassium dichromate K0, 0.5~15
Sodium phosphate NAO, 0.5~10
Carbamide CO(NB. 0.1~10
Water HO 50~70

In general, the preparation of the designed rusteder was mainly based on the dissolution ofsthilel reagents in
solvent(water). All the reagents were added inedblvent according to the mass concentrationapgar sequence
at stirring of the solution with the help of a manical stirrer. The duration of reagents dissotutias 20~30 min,
and then the rust converter, a transparent orthliglrbid liquid with orange-brown color, was rgafr use.

Mild steel samples used in the electrochemical exmnt were cut and sealed by epoxy resin with eMp®surface
(1.0 cm x 1.0 cm) as working electrodes. Then toeking surface was polished with SiC abrasive pspensed
with distilled water, degreased ultrasonically thanol and acetone, and dried in room temperature.

The samples were pre-corroded for 50 days in @techimmersion test (AIT)[4]in 3.5% NacCl solutiohfter the
pre-corrosion stage, friable and powdery rust washed off from the surface of the samples withtiek of metal
brush and then degreased and dried. For half o$dhgples, high performance rust converter was eghpti their
surface with brush, and packed layer with dark-gragr was formed on the surface after 12-24 hours.

The electrochemical measurements were performeld RAARSTAT 2273 electrochemical workstation(Princeto
Applied Research) in a conventional three-electsodell system which described elsewhere. The nidels
specimen(rusty or converter treated) and a platialettrode were used as working electrode and eoefdctrode,
respectively, a saturated calomel electrode (SGRYiged with a Luggin capillary as reference eledt. All
potentials were measured versus SCE. The experimastperformed in nondeaerated solutions aC230C,
40-C, 50C and 66C, controlled by water bath.

The polarization curves were recorded from -256260mVSCE (versus OCP) with a scan rate of 0.5 mafid
the data were collected and analyzed by electroasoftware PowerSuite ver.2.58.

Electrochemical impedance spectroscopy(EIS) measmmts were carried out at the open circuit pote@eLP).
The ac frequency range extended from 100 kHz tdHz0 and impedance data were analyzed and fitted wi
ZSimpWin ver.3.21.

RESULTSAND DISCUSSION

In the present study, 3.5% (mass%) NaCl solutiah@Bmol/LHCI solution served as electrolytes, esgntingfor
neutral and acid environment, respectively.

Fig. 1 showsthe polarization curves of the rustgicamverter treated specimens in 3.5% NaCl solwiiodifferent
temperatures. Corrosion current density,§ was deduced by extrapolating the Tafel lines He torrosion
potential. The corrosion inhibition efficiency, %j|Ewas calculated by equation(1):

i OCOTI' - iCOI’T
IEyy = — e x100%

HY

1 " corr (1)
wherei®qandic,, represented the corrosion current density of stiésl with rusty and converter treated surface.

The complete electrochemical parametBgg,, I, cOrrosion ratef), inhibition efficiency were calculated by
polarization measurements and listed in Table 2.
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Fig.1 Polarization curvesfor mild steel (a) with rusty surface and (b) with conversion surfacein 3.5% NaCl solution at different
temperatures from 20-C to 60-C

Table 2 Polarization parametersfor mild steel in 3.5% NaCl solution at different temperatures

TemperatureC) | Surface Staté  &E(MV/SCE) | ka(mA cmi® | V(mm &) | %IE,

20 rust -646.9 0.0218 0.379 -
conversion -748.5 0.0031 0.067 85,8

30 rust -653.2 0.0223 0.469 -
conversion -742.1 0.0053 0.114 762

20 rust -708.7 0.0277 0.595 -
conversion -744.9 0.0064 0.137 76)9

50 rust -710.5 0.0362 0.778 -
conversion -731.5 0.0070 0.151 807

60 rust -728.3 0.0695 1.494 -
conversion -736.3 0.0082 0.176 882

It was observed thdt,, of mild steel with conversion surface were far éswthan that of mild steel with rusty
surface in 3.5% NaCl solutions comparatively (FigTlhe cathodic polarization reaction due to théuntion of
dissolved oxygen accordedto the equation (2):

O+ 2H,0+ 46— 40H (2)

For the rusty samples, the partial cathodic reactib overall corrosion process on steel in neus@ltion was
controlled by concentration polarization rathemtla@tivation polarization. Compared with the rustigel, there was
an obvious negative shift &,,, which indicated that the conversion layer gemgiiahibitedthe cathodic process
of the electrode, meanwhile the presence of therlagsultedin the transition of anodic dissolutitom
oxygen-diffusion controlled process to electroctmaity controlled process. It could be deduced ftafle 2 that
for both rusty steel and conversion layer, the agion rate increased with the temperature incrgasind the
highest inhibition effect was 88.2, which indicéteat the conversion layer could obviously reduce ¢brrosion
rate.
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Fig.2 Polarization curvesfor mild steel (a) with rusty surface and (b) with conversion surfacein 0.5mol/L HCI solution at
differenttemperatures from 20-C to 60-C

Fig.2 showspolarization curves of the rusty or eoter treated working electrode in 0.5mol/L HClgmn at
different temperatures. Also, the complete elettendical parameterEq,, lcorr, COrrosion rate{ and inhibition
efficiency were calculated by polarization measiwests and listed in Table 3.
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Table 3 Polarization parametersfor mild steel in 0.5mol/L HCI solution at different temperatures

TemperatureC) | Surface Statd  &(MV/SCE) [ ton(mA cm?) | V(mm &) | %IE,

20 rust -578.5 0.421 9.051 -
conversion -612.3 0.104 2.227 747

30 rust -570.2 0.511 10.98 -
conversion -610.1 0.150 3.225 70.5

20 rust -549.9 0.609 13.09 -
conversion -606.5 0.172 3.704 712

50 rust -535.7 0.939 20.18 -
conversion -607.1 0.197 4.241 79.8

60 rust -528.0 1.066 22.92 -
conversion -594.5 0.209 4.486 80.4

In the aggressive hydrochloric acid solution, teaction mechanism involvedthe anodic dissolutionraf and
cathodic hydrogen evolution[5]. Despite of the @ase ol.,, and corrosion rate in comparison with that in redut
solution, the presence of conversion layer simelbarsly inhibited the anodic and cathodic procesb®®lectrode,
exhibiting a result of mix-controlled process. Tihereasing temperature also promoted the increhseroosion
rate, illustrating the converter exhibiting its supr value especially in normal conditions as raemperature.

In order to understand the kinetics and mechani$nthe film formation on different types of specinsen
electrochemical impedance spectroscopic studies performed.

Nyquist plots for mild steel with rusty and converssurface in 3.5% NacCl solution at different tergiures from
20-C to 60C were given in Fig.3. As a whole, the impedanaecsp showed a single or an incomplete semicircle
and the diameter of semicircle decreasedwith irstngatemperature. For the steel with rusty surféoe,Nyquist
plots exhibited Warburg type of diffusion lines wéas in the presence of the conversion layer, tigstsemicircles
were formed. The Warburg lines form different asgleith the real component axis, which indicatedthdial
diffusion of oxygen with concentration gradientad¢ed towards the substrate steel. The high frequdistorted
semicircles of Nyquist plots were attributed to faster reactions taking place at the corrodingrfate (charge
transfer of the corrosion process)[ 6~9].
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Fig.3 Nyquist diagramsfor mild steel (a) with rusty surface and (b) with conversion surfacein 3.5% NaCl solution at different
temper atures from 20-C to 60-C

The equivalent circuit models used to fit the ekpental results were shown in Fig. 4. It consisfesimution
resistanceqs), coating resistanceR{,;), charge transfer resistance in the corrosion ti@aoR), Warburg
diffusion resistanceWy)), constant phase element related to coating cgff@gj) and electric double layez).
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Fig. 4. The equivalent circuit models used to fit the EIS experiment data for steels (a) with rusty surface and (b) with conversion surface
in NaCl solution
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According to the equivalent circuit, the impedade¢a were fitted and the electrochemical parameters given in

Table 4.

Table 4 |mpedance data of mild steel in 3.5% NaCl solution at different temperatures

TemperatureC) | Surface Stat¢  R(Q cm?) | R(Q cn?) | Reoa(Q cnP) | Cepa(uF.cmi®) | Cy(uF.cm?
20 rust 48.2 5.21 / / 522.8
conversion 935.3 6.74 191.9 524.3 202.9
30 rust 39.0 5.34 / / 384.1
conversion 428.8 7.47 101.3 292.2 216.6
20 rust 21.2 4.29 / / 355.9
conversion 369.1 5.68 57.2 115.4 548.4
50 rust 31.5 5.50 / / 672.6
conversion 287.2 8.43 69.1 370.6 337.0
60 rust 33.4 3.82 / / 371.1
conversion 178.7 8.11 63.7 303.5 338.9

It couldbe seen in Table 4 that thg,Rvalues at all investigated temperatures increasadtedly in the presence of
the conversion layer. And at a lower temperatug, 20C, the charge transfer resistance reached its stigtadue
of 935.3Q cnt, almost 20 times of that for the steel with rustyface, indicating a remarkable inhibiting effext
corrosion process.

The Nyquist plots consisted of only one capacita@p in HCI solution both for the steel with rustyrface and
conversion layer, as shown in Fig.5. So the egeiatircuit model shown in Fig.6 was used to fé #xperimental
results. Fitting results were shown in Table 5.
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Fig.5 Nyquist diagrams for mild steel (a) with rusty surface and (b) with conversion surfacein 0.5mol/l HCI solution at different
temper atures from 20-C to 60°C

Table 5 Impedance data of mild steel in 0.5mol/l HCI solution at different temperatures

TemperatureC) | Surface State  &(Q cn?) | R(Q cnf) | Cu(uF.cm?
20 rust 27.4 2.89 762.7
conversion 321.2 3.48 499.5
30 rust _ 21.9 2.31 852.1
conversion 244.4 2.47 775.8
40 rust 14.5 2.01 920.4
conversion 162.3 1.68 848.4
50 rust . 9.5 2.05 1112
conversion 100.8 3.43 785.2
60 rust 6.2 2.76 921.6
conversion 25.7 2.35 767.3
Rs Cdl
VAVe >
7
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Fig. 6 The equivalent circuit model used to fit the EI S experiment data for steelsin HCI solution

The electrochemical experimental studies revealeat the inhibition efficiencies obtained from ElS$ida
polarization were in reasonably good agreement.
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Here is some explanation of the mechanism usethéodesign of rust converter formula. It is a vi@lbwn fact that
the rust formed at steel corrosion includes nesispb: hydrated iron oxides suchuas3- andy-FeOOH, magnetite
Fe;04(the mixture of two iron oxides: FeO and,Bg) and amorphous products[10]. Protective phospfilate
formed on the corroded steel surface after the eusdgghe rust converter includes iron(lll), chromifill) and
zinc(ll) phosphates, according to the results ob}{-analysis(see Fig. 7).
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Fig.7. X-ray analysis of therust(y- and p-FeOOH)and phosphate film formed in the result of rust conversion

As mentioned above, reagents for the designeccamsterter preparation consist 0§®,0;, HsPO;, ZnO, NaPQ,,
CO(NH,),, etc. Firstly KCr,O; oxidizes the iron (II) according to the equatiBi:

6FeO+ KCr,O;+ 10HPO, = 6FePQ+ 2CrPQ+ 2KH,PO,+ 13H,0 3

Iron(lll) dihydrogen phosphate— FefPOy), and chromium(lll) dihydrogen phosphate— Gifidy),wereformed in
condition of acid solution but iron(lll) phosphateePQ and chromium(lll) phosphates— Cr@reformed with a
high probability in case of the reaction which preded on the surface of the steel in outdoor ciondife.g. neutral
environment).

The keyreaction between the corrosion products-iRD,were shown as follows (reaction 4- 5):

Fe0s+ 2H;PO;— 2FePQ|+3H,0(4)

ZFEOH)3+ 2HPO— ZFGPQl +6H20(5)

Besides, iron(lll) dihydrogen phosphate— Fd&¥B,),was formed in condition of acid solution but irdij(l
phosphate— FeR@as formed with a high probability in case of tleaation which proceeded on the surface of the
steel in outdoor conditions.

Non corroded metal of the substratewouldpartlyalisswith the formation of the salt (reaction 6):

Fe+ 2HPQ,— 2FePQ|+ 6H,1 (6)

However, the presenceof zinc ionsand chromiumirnruiie converterledto theisostructuralreplacementof i
atoms,resulting in formation ofphosphatescontainamgionstogether withions ofzinc and chromium,jrmseaction

(7):
Zn0O+ 2HPO= Zn(H2P04)2+ H,O (7)

Additionally, NaPO,was used forwetting ofthe corroded surfaceandavigedthe impregnation of rust converter
solution into the corroded surface, a@@(NH,), was the inhibitor of the corrosion to prevent thetah of the
substrate from excessive dissolution.

Compared with the porous and heterogeneous rust,l8lye formation of packed and integrated rustvecsion
layer provideda protective cover for the steel salbs. The transition from conductor to insulatsoaninimizedthe
possibility of micro-batteries formation so tha¢ tharrier property was improved, the cathodic pgsaeas inhibited
and the corrosion rate decreased.
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CONCLUSION

The studied rust converter show good inhibitionpemties for the corrosion of mild steel in neuttatl acid media,

in comparison with untreated rusty steel, and ttebitor efficiency determined by polarization, Bi&re in good
agreement. The presence of conversion layer reulthe transition of anodic dissolution from oxpegiffusion
controlled process to electrochemically controlfgdcess. Due to theincreasing of temperature mayngte the
increase of corrosion rate,the rust converter sktswsuperior value especially in normal conditices room
temperature, The formula of the converter prepamatilecidedthe forming mechanism of the packed and
heterogeneous conversion layer.
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