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Corrosion inhibition of carbon steel in aqueous solution of
ammonium nitrate and urea
M. Starostin, G. E. Shter and G. S. Grader*
The effect of diethanolamine (DEA) and hexamethylenetetramine (HMTA) on the

corrosion of carbon steel (CS) in concentrated aqueous solution of ammonium

nitrate and urea (ANU) was studied by weight loss, potentiodynamic

polarization, and electrochemical impedance spectroscopy. Both amines

showed high inhibition efficiency >99% above a concentration of 0.5wt% at

25 and 50 8C. The addition of 0.1–0.5wt% sebacic acid to the tested solution

containing amines did not enhance the inhibition efficiency. A positive

synergistic effect was observed when 0.1–0.5wt% of cinnamic acid was added

to the ANU solution containing 0.3–1wt% of amines. These results clearly

demonstrate the potential of using CS for storage and transport of ANU

solutions under ambient conditions.
1 Introduction

Concentrated aqueous solutions of ammonium nitrate and urea

(ANU) are commercially produced as agricultural fertilizers

that are transported globally. One of our goals is to develop the

technology whereby these energetic solutions can be used as

low carbon fuels that react continuously and cleanly, emitting

nitrogen, water, and a small amount of CO2. This development

requires stable construction materials for the equipment that

comes in contact with these solutions both at storage and

operating conditions. As shown by several authors [1–4] and in

our previous publication [5] ANU solutions are very corrosive to

carbon steel (CS). The severe corrosion attack on CS was observed

in ANU solution already at room temperature and significantly

increased at 50 8C. The corrosion product did not form a

protective film on the CS and did not adhere to the metal surface.

In addition, the contact with the CS induced massive black

precipitates in the ANU solution.

The CS is passivated in the concentrated ANU solution as

long as the pH is >6 [2], however the pH of the ANU solution is

5.6–5.8. Therefore to prevent the corrosion of CS the main

approach is to raise the pH sufficiently to form a stable protective

film and then to increase its protective properties by adsorption

of suitable inhibitors. Using ammonia for pH adjustment is

problematic due to its volatility. This problem can be solved by

non-volatile amines that affect the pH of the solutions.

In agricultural applications, inhibitors are widely used [5–10]

for corrosion protection of CS holding tanks and pipelines.

Testing different groups of inhibitors [7] showed that the
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most effective corrosion inhibitors were organic phosphates

and sulfonates. In addition, some inhibitors containing molyb-

date or tungstate with organic and inorganic phosphates were

described in patents [9–11] for agricultural applications.

The amines tested as inhibitors in concentration <100mg/L

in ANU fertilizer solution [7] showed very poor inhibiting effect

(about 5%).

The potential use of ANU solution as a low carbon fuel brings

additional requirements to corrosion protection in general and to

the inhibitors in particular. Since the current inhibitors are a part

of the fuel, they should not impair the fuel properties. The

inhibitor in the low carbon fuels must not lead to formation of

new polluting compounds during fuel consumption. In other

words, the inhibitor must be an organic substance, which will be

fully consumed with the fuel. Therefore its chemical composition

should be qualitative the same with the fuel, e.g., contains

only hydrogen, oxygen, nitrogen, and carbon atoms. However, on

our knowledge, no publications on effective above-mentioned

available organic inhibitors that prevent CS corrosion in ANU

solution at temperature 20–50 8C had been reported thus far.

Corrosion inhibition of CS by organic compounds [12] is

based mostly on the inhibitor molecule adsorption on the metal

surface, and the subsequent formation of a protective layer

that minimizes access of corrosion ions to the metal surface.

Adsorption can occur via electrostatic interaction between the

inhibitor molecule and metal substrate (physisorption), or it

could involve charge sharing between the both (chemisorption),

or a combination of above mentioned interaction types.

The selection of inhibitors is based on different factors: one

of them is the availability of electron-rich atoms, such as nitrogen,

oxygen, sulfur, phosphor in the inhibitor molecule, and another

is the presence of multiple bonds or aromatic rings. All these

electron-rich centers serve as potential adsorption sites, due to

their capability to share free electrons with the metal substrate
wileyonlinelibrary.com www.matcorr.com
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surface. The resulting adsorption film acts as a barrier that

isolates the metal from the corrosion media.

The organic amines are of our interest because they contain

only C, H, O, N atoms and can increase and buffer pH of ANU

solutions. Additionally, they are known as very effective inhibitors

in acid and neutral environments [12–18]. The inhibition is

accomplished by local adsorption of amine molecules on the CS

surface as anodic and cathodic sites [14].

Salts of weak carboxylic acids show good inhibition

characteristics toward [19–21] mild steel in solutions with nearly

neutral pH. Their effectiveness depends on the presence of an

oxidant in the solution and forming a passive layer on the mild

steel surface. Initial stages of corrosion are localized at defects in

the natural oxide layer and inhibition by carboxylates is associated

predominantly with formation of insoluble deposition at the

pores in the oxide film resulting in repair of defects.

The objective of the present work was to investigate the

inhibition of CS corrosion by two non-volatile water-soluble

amines – diethanolamine (DEA) and hexamethylenetetramine

(HMTA). In addition, inhibition effect of two carboxylic acids

in the ANU solution containing the amines was studied: One

acid was dicarboxylic sebacic (SB) acid and the second one was

cinnamic (CN) acid which is cyclic with a double bond. The

effectivity of the amines was tested separately and in combination

with the organic acids.
2 Experimental

2.1 Materials and solution preparation

Corrosion coupons of CS 1005 were cut of industrial sheets. The

chemical composition of the working electrode was C (0.05wt%),

Mn (0.27wt%), P (0.009wt%), S (0.014wt%), Si (0.023wt%), and

Fe (remainder).

A highly concentrated aqueous solution of ammonium nitrate

(AN) and urea was prepared using analytical grade AN (MERCK),

urea (J. T Baker), and deionized water. The pH of the initial ANU

solutions was 5.8. Concentrations of the amines (DEA, Sigma–

Aldrich, HMTA Merch Chemicals) employed were varied from

0.05 to 1wt% by dissolution them in the pure ANU. SB and CN

acids from 0.1 to 0.5wt% were dissolved in the water solutions,

containing DEA or HMTA, and then AN and urea were added.

2.2 Methods

In general, chemical (weight loss) and electrochemical (open

circuit potential measurements, potentiodynamic polarization,

and impedance) methods were used. The ability of the inhibitors

to provide a protection against pitting corrosion was studied using

cyclic polarization (CP). Measurements were carried out under

the influence of various experimental conditions, including

inhibitors concentration, temperature, and immersion time.

2.3 Electrochemical measurements

The electrochemical experiments were performed at 25 and

50 8C using a conventional three electrode cell with VersaStat 3,
www.matcorr.com
Princeton Applied Research potentiostat. The working electrode

is a CS disk with surface area of 1 cm2. It was abraded with

different emery papers up to 800 grade, degreased with ethanol,

washed with deionized water, and dried at room temperature.

Graphite rods were used as a counter electrode and saturated

calomel electrode (SCE) as the reference. All the electrodes were

mounted in a corrosion cell as specified in ASTM G5 [22].

Monitoring of the potential as a function of time was carried

out for 1 h before initiating the polarization measurements.

Linear polarization (LP) measurements were conducted with

a potential perturbation of �20mV around the open circuit

potential (EOCP) at a rate of 1mV/s. Tafel plots and CP

measurements were performed with a potential sweep rate of

1 and 2mV/s, respectively, starting from 0.25V below EOPC.
The scan direction was reversed at a potential of 1.2 V.

Electrochemical impedance spectroscopy (EIS) experiments

were run under potentiostatic conditions in the frequency range

of 0.1Hz to 100 kHz with an amplitude of 10mV peak-to-peak

using AC signal at EOCP. The dwell time in open circuit potential

was 0.5 h to reach steady state conditions.

2.4 Gravimetric measurements

Mass loss measurements were performed using VIBRA HT

analytical balance with precision of 0.1mg, and rectangular

specimens with surface area of about 20 cm2. The specimen was

fully immersed in the ANU solution at 25� 2 and 50� 2 8C. After
immersion the specimens were cleaned by the suitable solutions

according to ASTM G1 [23], washed with de-ionized water, dried

in air, and weighed. Uniform corrosion rates (CR) were calculated

via Equation (1)

CR ½mpy� ¼ 3:45� 106 �W

AtD
(1)

where W is the mass loss in grams, A the surface area in

cm2, t the time exposure in hours, and D is the alloy density in

g/cm3.

The inhibitor efficiency (IE) was calculated from the weight

loss data according to Equation (2)

IEð%Þ ¼ Cro � CR

CRo � 100 (2)

where CRo and CR are the corrosion rate in the absence and

presence of the inhibitor, respectively.
3 Results and discussion

3.1 Open-circuit potential (EOCP) and polarization

measurements

Primary data of the IE is obtained from the electrochemical

measurements. In the present study, the variation of the EOCP of
CS was followed as a function of time in the ANU solutions with

varied concentrations of HMTA and DEA from 0 to 1wt% with

and without SB and CN acids at 25 and 50 8C. Some of these
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results are summarized in Fig. 1a–c. Figure 1a and b presents the

change of EOCP of CS in ANU solution in the first 60min of

immersion in absence and presence of DEA and HMTA in the

concentrations range of 0.05–1wt% at 25 and 50 8C. The EOCP
Figure 1. EOCP as a function of time for CS in ANU solution with and

without additives at 25 and 50 8C: (a) HMTA; (b) DEA; (c) DEA, and HMTA

with SB and CN
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behavior of the ANU solution containing DEA and HMTA with

carboxylic acids additives is shown in Fig. 1c.

It is clear from Fig. 1a and b that during the immersion in

absence of the amines the EOCP of CS shifted to more negative

values and its value was about�550mV. On the other hand upon

introducing the amines of 0.05–1wt% new curve features were

recorded. The presence of the inhibitors significantly increased

the EOCP by 200–400mV relative to the case of pure ANU

solution.

The passivation occurs immediately after immersion of CS

into the solution. However, in the ANU solution containing only

0.05wt%HMTA at 25 8C the EOCP decreases sharply, reaching the
values of the pure ANU solution after 20min immersion. The

same effect was found in the ANU containing 0.1wt% HMTA at

50 8C and therefore it was omitted form the graph. The value of

the EOCP of CS also noticeably decreased in the ANU solution

containing 0.3wt% HMTA at 50 8C but it was stabilized at values

of about �260mV (Fig. 1a) after 50min immersion. The EOCP of
CS in the ANU solutions in the presence of 0.5�1wt% HMTA or

0.05–1wt% DEA shifted toward less negative value with time

during the immersion for 60min.

When the temperature is increased from 25 to 50 8C, the
EOCP of CS shifted toward less negative values in the ANU

solutions containing 0.5–1wt% HMTA and 0.3–1wt% DEA.

The values of the EOCP of CS in the ANU solutions

containing amines and carboxylic acids in concentration of 0.3–

0.5wt%, were very close to those in the ANU solutions containing

the same concentrations of amines (Fig. 1c).

Addition of both amines to the ANU solution increased the

solution pH as shown in Fig. 2. The pH increased from 5.8

for pure ANU solution to 7.2 and 8.0 for the ANU solutions

containing HMTA and DEA at 1wt%, respectively. According to

Ref. [2] CS naturally passivates in the commercial ANU fertilizer

solution as long as the pH> 6, therefore the amine addition to

the ANU solution should lead to formation of a passive layer on

the CS surface. However, according to Ref. [2] the passive film

spontaneously breaks down at pH between 5.5 and 6.5, thus the

film is not protective in this pH range.
Figure 2. Effect of the DEA and HMTA concentration on the pH of ANU

solution
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Table 1. Results of LP measurements for CS in pure ANU and in the ANU solutions containing HMTA and DEA (25 and 50 8C)

Additives to ANU T (8C) Corrosion rate
CR (mpy)

Icorr
(mA/cm2)

Polarization
resistance Rp (V)

None 25 74 160.2 140

None 50 274 592 36.7

0.05 wt% HMTA 25 5.1 11.20 2900

0.1 wt% HMTA 25 0.118 0.255 85 300

0.3 wt% HMTA 25 0.116 0.250 86 700

0.5 wt% HMTA 25 0.113 0.244 87 200

1 wt% HMTA 25 0.105 0.227 95 900

0.05 wt% DEA 25 0.216 0.468 69 700

0.1 wt% DEA 25 0.143 0.309 72 600

0.3 wt% DEA 25 0.126 0.274 79 400

0.5 wt% DEA 25 0.108 0.233 93 200

1 wt% DEA 25 0.111 0.238 92 200

0.1 wt% HMTA 50 0.307 0.665 32 700

0.3 wt% HMTA 50 0.224 0.485 44 800

0.5 wt% HMTA 50 0.202 0.436 49 800

1 wt% HMTA 50 0.159 0.344 63 100

0.1 wt% DEA 50 0.671 1.45 22 500

0.3 wt% DEA 50 0.172 0.373 58 300

0.5 wt% DEA 50 0.137 0.297 73 300

1 wt% DEA 50 0.231 0.501 43 400
The shift of the EOCP of CS toward negative values in the

ANU solutions containing low concentrations of HMTA is

consistent with the instability of the protective layers at pH< 6.5.

Stable protective films were formed in the ANU solution at higher

HMTA concentration (0.5–1wt%). The DEA additions to the

ANU solutions improved the protective properties of the layers

relative to the HMTA additions. This can be attributed to the

higher pH reached with DEA relative to HMTA at equal

concentrations, as shown in Fig. 2.

Linear polarization (LP) and Tafel plot methods were also

applied in order to evaluate an inhibition effect at temperature 25

and 50 8C. The corrosion kinetic parameters received from some
Table 2. Results of LP measurements for CS in the ANU solution contain

Additives to ANU T (8C) Corro
CR

0.1 wt% HMTAþ 0.1 wt% CN 25 0

0.3 wt% HMTAþ 0.1 wt% CN 25 0

0.3 wt% HMTAþ 0.1 wt% SB 25 0

0.3 wt% HMTAþ 0.3 wt% CN 25 0

0.3 wt% HMTAþ 0.5 wt% CN 25 0

0.5 wt% HMTAþ 0.1 wt% CN 25 0

0.5 wt% HMTAþ 0.3 wt% CN 25 0

1 wt% HMTAþ 0.1 wt% CN 25 0

1 wt% HMTAþ 0.3 wt% CN 25 0

1 wt% DEAþ 0.5 wt% SB 25 0

0.1 wt% HMTAþ 0.1 wt% CN 50 0

0.3 wt% HMTAþ 0.1 wt% CN 50 0

0.3 wt% HMTAþ 0.1 wt% SB 50 0

0.3 wt% HMTAþ 0.3 wt% CN 50 0

0.3 wt% HMTAþ 0.5 wt% CN 50 0

0.5 wt% HMTAþ 0.1 wt% CN 50 0

0.5 wt.%HMTAþ 0.3 wt.% CN 50 0

1 wt% HMTAþ 0.1 wt% CN 50 0

1 wt% HMTAþ 0.3 wt% CN 50 0

1 wt% DEAþ 0.5 wt% SB 50 0
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LP measurements (corrosion current density (Icorr), CR,

polarization resistance) are listed in Tables 1 and 2. Table 1

presents the results received in the blank ANU solution and in

the ANU solutions in the presence of HMTA and DEA. Table 2

summarizes the similar results received in the ANU solutions

containing HMTA or DEA as well as one of the tested organic

acids.

According to the LP measurements in Table 1, the corrosion

rate of CS in the ANU solution was 74mpy at 25 8C and it

increased up to 274mpy at 50 8C. Excellent protection was

observed in the ANU solutions in the presence of all the tested

inhibitors except of the ANU solution with 0.05wt% HMTA, in
ing HMTA, DEA, SB, and CN acids (25 and 50 8C)

sion rate
(mpy)

Icorr,
(mA/cm2)

Polarization
resistance Rp (V)

.095 0.206 105 500

.107 0.231 94 200

.27 0.59 36 900

.105 0.227 95 900

.088 0.191 113 790

.108 0.234 93 150

.072 0.16 140 200

.095 0.206 105 500

.066 0.142 153 100

.292 0.632 34 373

.264 0.58 35 600

.119 0.257 84 600

.38 0.801 27 040

.177 0.384 56 700

.092 0.198 109 300

.155 0.336 64 800

.057 0.123 177 200

.03 0.07 309 290

.113 0.244 88 990

.961 2.08 10 455
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Figure 3. Effect of HMTA and DEA concentrations on polarization

resistance of CS in the ANU solution at 25 and 50 8C (according to LP

measurements)
which the CR was 5.1mpy at 25 8C. The corrosion rate of CS

increased slightly with temperature. At 25 8C the CR was lower

than 0.15mpy in the ANU solutions containing the tested

inhibitors, while at 50 8C it was lower than 0.67mpy.

The polarization resistance of CS increased by 2–3 orders of

magnitude in presence of 0.1wt% of amine compared to the ANU

solutions without inhibitor (Fig. 3). Higher amine concentrations

had a small effect on the polarization resistance. These results

prove the formation of protective films on CS surface immersed

in the ANU solution in the presence of HMTA or DEA. According

to the LP measurements addition of SB acid to the ANU solution

containing HMTA and DEA did not have a positive effect on the

corrosion rate of CS, while in presence of CN acid the corrosion

rate of CS decreased by an additional factor of 2 as seen in Table 2.

The effect of the CN addition on the corrosion rate of CS in the

ANU solution containing different concentration of HMTA is

presented in Fig. 4. The corrosion rate of CS in the ANU solution

containing 0.3wt% HMTA and 0.1wt% SB acid is shown in the

insert of Fig. 4.
Figure 4. Effect of CN acid concentration on CS corrosion in ANU with

different concentrations of HMTA. Insert: Effect of 0.1 wt% SB in ANU

with 0.3 wt% HMTA (LP measurements)
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It is known [21] that the inhibition efficiency and defects

repairing effect of carboxylic acids is attributed to adsorption of

the inhibitor molecules via the carboxylate group on the metal

surface (especially on oxide films). It is clear that CN performs

much better than SB in this function. The improved activity of

the CN can be attributed to the presence of a benzene ring with

additional p-bonds besides the carboxylate group. The benzene

ring can be attracted to electron donating species on the metal

surface, thereby facilitating the greater adsorption of cinnamate

on the metal surface [24] than salt of straight chain dicarboxylic

SB acid.

The potentiodynamic polarization behavior in the Tafel plots

for CS in the ANU solution with and without HMTA and DEA of

the various concentrations at 25 and 50 8C is shown in Fig. 5.

From the polarization curves the corrosion current density (Icorr)
Figure 5. Tafel polarizations plots for CS in the pure ANU and ANU in

presence of different concentrations of (a) HMTA and (b) DEA at 25 and

50 8C

www.matcorr.com
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was determined by Tafel extrapolation method. CR were

calculated from Icorr values. Inspection of Fig. 5 reveals that

the addition of 0.05wt% HMTA to the ANU solution did not

affect the Tafel plot of CS in comparison to those in the pure ANU.

However, at the higher concentrations of HMTA and all tested

concentrations of DEA, the polarization curves shifted to the left

toward a more positive direction indicating considerable decrease

of the current density as well as corrosion rate of CS. The

significant Ecorr shift to more positive values indicated that these

compounds lead to formation of a protective passive film on the

CS surface and decreased the dissolution of CS. The increase of

inhibitor concentration practically did not influence the anodic

reaction, while the cathodic current density decreased with

inhibitor concentration, especially in the presence of HMTA. This

is, probably, a result of the adsorption of the inhibitors on the

cathodic areas. Increase of the ANU solutions temperature

containing inhibitors led to negligible increase in the CR.

According to EOPC, LP, and Tafel measurements the

formation of the protective film on the CS surface was observed

in the ANU in the presence of the investigated inhibitors. To study

the film protection properties CPmeasurements were carried out

on the CS specimens after 1 h immersion in the tested solutions.

CP curves for ANU containing 0.3, 0.5wt% of HMTA with and

without 0.1wt% SB, and 0.1, 0.3wt.% CN are presented in
Figure 6. Cyclic polarizations plots for CS in the ANU with different conc

www.matcorr.com
Fig. 6a–c. The same results obtained for the ANU in the presence

of 1wt% DEA together with 0.5wt% SB are presented in Fig. 6d.

The forward and backward scan directions are identified by

arrows.

The values of the related electrochemical parameters

(indicated in Fig. 6d), i.e, corrosion potential (Ecorr), potential
repassivation (Erp), passivation current density (Ipass), and

breakdown potential (Ebr) characterizing the protective properties
of the films formed on the CS surface in the ANU in the presence

of HMTA with and without SB and CN are shown in Table 3.

A negative hysteresis can be seen in CP curves for CS in the

ANU with inhibitors at temperature 25 and 50 8C (Fig. 6). The

passivation current densities were about 7–12 and 10–15mA/cm2

at temperature 25 and 50 8C, respectively. The currents detected

on the reverse scan were lower than those on the forward scan for

all the tested inhibitors both at temperature 25 and 50 8C
indicating high protective properties of the formed passivation

films. The hysteresis area increased with rising HMTA

concentrations in the ANU solution and decreased with

temperature. Minimal value of Ebr was found in the ANU

solution with 0.3wt% HMTA at 50 8C (Fig. 6a). Maximal value

was determined in the ANU solutions in presence of 0.3�0.5wt
% HMTA together with 0.3wt% CN at 25 8C (Fig. 6b and c).

Potential repassivation (Erp) was higher than Ecorr, which is
entrations of HMTA, SB and CN (a–c), DEA and SB (d) at 25 and 50 8C

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Electrochemical parameters of the films formed on the CS surface in the ANU solutions in the presence of HMTA with and without SB and

CN (25 and 50 8C)

Composition T
(8C)

Ecorr

(mV)
Erp

(mV)
Ipass

(mA/cm2)
Ebr

(mV)

0.3 wt% HMTA 25 �228 �11 12 971

0.3 wt% HMTA 50 �293 �182 14.3 853

0.3 wt% HMTAþ 0.1 wt% SB 50 �232 <Ecorr 14.1 981

0.3 wt% HMTAþ 0.1 wt% CN 25 �255 þ209 12.1 921

0.3 wt% HMTAþ 0.1 wt% CN 50 �206 �148 13.7 925

0.3 wt% HMTAþ 0.3 wt% CN 25 �241 þ355 10.5 998

0.3 wt% HMTAþ 0.3 wt% CN 50 �183 þ12.3 12.1 981

0.5 wt% HMTA 25 �198 þ407 10.8 940

0.5 wt% HMTA 50 �206 �146 15.6 905

0.5 wt% HMTAþ 0.3 wt% CN 25 �247 þ327 7.1 999

0.5 wt% HMTAþ 0.3 wt% CN 50 �179 þ190 10.4 959
explained by growth of a thicker, more protective film during the

anodic scan. The Erp of CS was lower than Ecorr only in the ANU

solutions, containing SB together with HMTA or DEA at 50 8C.
However, the Erp of CS in the ANU with 0.3wt% of HMTA at

50 8Cwas close to Ecorr. This fact indicated less protection of CS at

higher temperature and therefore higher concentration of amine

was required to form a stable protective film. A corrosion attack

on CS specimen after CPmeasurements in the ANU at all amines

concentration was not observed at 25 8C. but crevice corrosion

occurred at working electrode-holder contact after testing in the

ANUwith 0.3wt% amines at 50 8C (Fig. 7a). CPmeasurements in

the ANU solutions containing 0.3wt% HMTA together with

0.1wt% SB or CN at 50 8C also showed the negative hysteresis

after the reverse of the scan but finally the passive film is

destroyed (Fig. 6a and d). The same effect was observed in the

ANU with 1wt% DEA together with 0.5wt% SB (Fig. 6d). As a

result CS was subjected to crevice corrosion. Another type of

effect was observed in the ANU solutions containing higher

concentrations of HMTA and CN acid. As seen in Table 3, the

addition of 0.3wt% CN to the ANU with 0.3–0.5wt% HMTA

increases Erp, indicating the formation of a stable protective film.

The polarization measurements showed a significant

synergetic inhibition effect of binary corrosion inhibitors in

the ANU solution containing 0.5wt% HMTA with 0.3wt% CN.

However, sufficiently high corrosion protection of the CS was

observed in the ANU with pure HMTA and DEA, only above a

concentration of 0.5wt%.

3.2 Electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) results of the CS

electrode recorded in ANU solutions in the absence and presence
Figure 7. General view of CS specimens after cyclic polarization measurem

crevice corrosion is shown by the arrows)
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of the inhibitors DEA and HMTA at 25 and 50 8C are shown in

Figs. 8 and 9, respectively. The spectra were measured after the

stabilization of the CS electrode at EOCP for 0.5 h. The results are
performed as electrochemical impedance (Nyquist) diagrams

(Figs. 8a,b and 9a,b), when imaginary impedance magnitudes are

plotted as a function of real impedance magnitudes for each

polarization frequency and also as Bode magnitude (Figs. 8

and 9c) and phase plots (Figs. 8 and 9d) when Y-axis is a log of

values of total impedance and phase angle for each (log)

frequency, respectively.

The Nyquist plot of the CS in ANU solution exhibited only

classic semicircles (insert b in Figs. 8a and 9a) indicating the

activation-controlled nature of the reaction with single charge-

transfer process.

The impedance of the CS was strongly affected by inhibitors.

If HTMA or DEA were added to the ANU solution Nyquist plots

showed a straight line indicating the formation of highly

protective films (Figs. 8a and 9a). When the concentration of

the amines reached a value of 0.1wt% the impedance of the CS

exceeded thousands of ohms. However, further increase of amine

concentration did not lead to a significant rise of the EIS signal.

Test results also showed that the protection properties of the

inhibitors decreased with increasing temperature. Impedance

was considerable lower at temperature 50 8C than at 25 8C in all

solutions.

The modulus and phase angle of the impedance are also

strongly dependent on the presence of the inhibitors in the ANU

solution (Figs. 8c,d and 9c,d). The Bode plots can be divided into

three regions. A flat region of curves (slope �0) indicates that at
the frequencies >10 kHz only the electrolyte resistance is

measured. In the low and middle frequency the impedance

spectra of CS in ANU solutions containing the inhibitors
ents in ANU solution containing 0.3 wt% HMTA at (a) 50 and (b) 25 8C (A

www.matcorr.com
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Figure 8. Electrochemical impedance Nyquist (a–b) and Bode plots

(c–d) for CS electrode after 0.5 h immersion in the ANU at 25 and

50 8C with and without inhibitors; (b) blank ANU; (a,c,d) in presence of

0.05–1 wt% DEA

Figure 9. Electrochemical impedance Nyquist (a–b) and Bode plots

(c–d) for CS electrode after 0.5 h immersion in the ANU at 25 and

50 8C with and without inhibitors; (b) blank ANU; (a,c,d) in presence of

0.05–1 wt% HMTA
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Figure 10. EEC model used to fit EIS data recorded for CS in the pure

ANU and with HMTA and DEA in concentrations range of 0.1–1 wt% at

25 and 50 8C
displayed straight lines. For curves of phase angle versus
frequency also three regions can be observed. In the high

frequency range, the phase angle is close to 08, in the middle and

low frequency (>1Hz) the phase angle remains close to �808
indicating a typical passive film formed on the surface. While at

frequency <1Hz the phase angle decreases with the frequency

decrease due to the contribution of the passive film resistance

[25]. By comparing the Bode phase curves obtained in the ANU

solutions containing HMTA of the different concentrations

one can see that the phase angle reached maximum value at

HMTA concentration of 0.3wt% and further increasing HMTA

concentration and temperature up to 50 8C did not affect the

angle value, Bode phase curves, and maximum phase angle

values obtained in the ANU solutions in the presence of DEA

were similar with those in ANU solution containing HMTA.

However, the effect of temperature on phase angle value is

more appreciable in ANU solution containing DEA than that

in presence of HMTA. The identical value of phase angle at

temperature 25 and 50 8C in ANU solution containing DEA was

achieved at DEA concentration of 1wt%, while the same was

reached in presence of 0.3wt% HMTA.

The impedance spectra obtained experimentally were

analyzed using ZSimpWin v.3.2 equivalent circuit software

(Prinseton Applied Research). Accordingly with the form of

obtained impedance curves the electrical equivalent circuit (EEC)

for modeling impedance parameters was chosen as shown in

Fig. 10 with only one constant phase element. In Fig. 10, Rel

represents the electrolyte resistance between the working and the

reference electrodes. Rpol is the polarization resistance related to

the passive film and is an evaluation of corrosion resistance of the
Table 4. The impedance parameters obtained by fitting procedure for CS ele

50 8C; the electrode area is equaled 1 cm2)

Additive to ANU solution T (8C) Rel (V)

none 25 3.186

0.1 wt.%HMTA 25 4.22

0.1 wt.%HMTA 50 2.251

0.3 wt.%HMTA 25 6.261

0.3 wt.%HMTA 50 3.38

1 wt.%HMTA 25 4.456

1 wt.%HMTA 50 4.569

0.1 wt.%DEA 25 3.901

0.1 wt.%DEA 50 3.185

0.5 wt.%DEA 25 6.116

0.5 wt.%DEA 50 3.534

1 wt.%DEA 25 4.515

1 wt.%DEA 50 3.047

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
material in the solution. Q (CPE) is actually a capacitance of

constant phase element.

The EEC model in Fig. 10 was used for quantitative

evaluation of the spectra. It allowed fitting all the experimental

data for EIS spectra of CS in the blank ANU solution and in the

presence of 0.1–1wt% HMTA and DEA. The fitted parameters of

some experiments are given in Table 4. The last column in

Table 4, n, is the phase shift which can be explained as a degree

of surface inhomogeneity [26]. The factor n is an adjustable

parameter that usually lies between 0.50 and 1.0 [25, 27].

Since the calculated value of n is close to 1 in all experiments,

the physical interpretation of CPE as the capacitance of the

double layer is justified.

As shown in Table 4, Rpol values increased and Cdl values

decreased in the presence of the amines at 25 8C. Increasing
temperature up to 50 8C affected insignificantly the values of Rpol

while values of Cdl increased. The increase in polarization

resistance and decrease of double layer capacitance were

attributed to the passive film formation and adsorption of the

inhibitor molecule on the metal surface. The increased corrosion

rate of CS with increasing temperature is probably due to partial

desorption of the inhibitor at elevated temperature.

4 Weight loss measurements

Weight loss measurement is a non-electrochemical technique

for the determination of corrosion rates and IE which provides

the most reliable results because the experiment duration is

considerably longer. The weight loss of CS coupons was evaluated

after 168–700 h immersion of the CS in the ANU solutions at 25

and 50 8C with and without 0.1–1wt% of HMTA and DEA.

Additionally, the effect of 0.1–0.5wt% of SB and CN acids in the

ANU solutions containing 0.3–1wt% of amines was studied. The

calculated CR and the inhibition efficiency are listed in Table 5.

Heavy black-brown corrosion products were precipitated in

the blank ANU solution after several hours of CS immersion even

at 25 8C. After 168 h heavy uniform corrosion was found on CS

immersed in the ANU. Loose products of corrosion were easily

washed off from the CS surface and no adherent films were

observed on the CS specimens exposed in the ANU solution in

the absence of the inhibitors.
ctrode in the ANU with varied concentrations of HMTA and DEA (25 and

Q (S� secn (Cdl)) Rpol (V) n

5.823E�4 120.1 0.8083

7.667E�5 74 070 0.8639

1.313E�4 20 690 0.8673

4.154E�5 94 540 0.7971

1.257E�4 18 610 0.8154

9.842E�5 82 320 0.8662

1.207E�4 43 120 0.853

8.802E�5 62 920 0.8785

6.165E�4 5 505 0.7497

1.121E�4 77 980 0.8574

1.113E�4 35 840 0.7829

7.443E�5 82 200 0.8612

1.266E�4 32 420 0.8927
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Table 5. Corrosion rates and efficiency of the tested inhibitors in the ANU solutions

Test No Addition to ANU T (8C) Corrosion rate (mpy) Protection (%)

1 None 25 71.4

2 None 50 525.9

3 0.1 wt% HMTA 25 0.228 99.68

4 0.3 wt% HMTA 25 0.178 99.75

5 0.5 wt% HMTA 25 0.159 99.78

6 1 wt% HMTA 25 0.113 99.84

7 0.1 wt% HMTA 50 0.6134 99.88

8 0.3 wt% HMTA 50 0.202 99.96

9 0.5 wt% HMTA 50 0.169 99.97

10 1 wt% HMTA 50 0.132 99.97

11 0.1 wt% DEA 25 0.300 99.58

12 0.3 wt% DEA 25 0.107 99.90

13 0.5 wt% DEA 25 0.071 99.91

14 1 wt% DEA 25 0.047 99.93

15 0.1 wt% DEA 50 23.868 95.46

16 0.3 wt% DEA 50 0.176 99.97

17 0.5 t% DEA 50 0.146 99.97

18 1 wt% DEA 50 0.135 99.97

19 0.3 wt% HMTAþ 0.3 wt% SB 25 0.104 99.85

20 0.3 wt% HMTAþ 0.3 wt% CN 25 0.0295 99.96

21a) 0.5wt% HMTA 25 0.0897 99.87

22a) 0.5 wt% HMTAþ 0.3 wt% SB 25 0.0247 99.97

23a) 0.5 wt% HMTAþ 0.3 wt% CN 25 0.0111 99.98

24a) 1 wt% HMTAþ 0.25 wt% SBAþ 0.25wt% CN 25 0.0283 99.96

25 1 wt% DEAþ 0.5 wt% SB 25 0.078 99.89

26 1 wt% DEAþ 0.5 wt% CN 25 0.059 99.92

a)Test duration is 700 h; others – 168 h.
Because of very high corrosion rate of CS in the ANU

solution the protection effect of the inhibitor should be not

<99%. Both amine inhibitors of the concentrations >0.3wt%

provided excellent corrosion protection up to 99.9% in the ANU

solution at 25 and 50 8C. In the presence of both HMTA and DEA

in concentration of 0.1wt%, the protection films formed on CS

failed at 50 8C. The CS still corroded at a rate as high as 0.63 and
Figure 11. Plots of corrosion rates of CS in the ANU with different

concentrations of HMTA and DEA at 25 and 50 8C (comparison of data

from Tafel curves and weight loss measurements for 168 h)

www.matcorr.com
23.3mpy in the presence of 0.1wt% of HMTA and DEA,

respectively. The test solutions containing 0.3–1wt% of the

amines were clear (visible) during the experiment time and a

protection effect above 99% was observed.

The effect of the amines concentration on the corrosion rate

of CS in the ANU solution was obtained using two different ways:

the weight loss method and extrapolation of Tafel plots is shown

Fig. 11. It is important to note that there is a good correlation

between the corrosion rates of CS in the blank ANU solution

based on the weight loss measurements and the calculated one

from the Tafel polarization curves (71.4 and 74mpy, respectively).

The corrosion rates of CS obtained from the weight loss method
Figure 12. Effect of organic acid on corrosion of CS in the ANU in the

presence of 0.3 wt% HMTA (weight loss measurements at 25 8C)

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the ANU solutions with inhibitors were lower than those

received from Tafel polarization measurements as the results

destroying the passive film during the cathode polarization.

Additionally, the corrosion rates of CS in the ANU solution

with inhibitors decreased with time: e.g., they were 0.159 and

0.0897mpy after 168 and 700 h immersion in the ANU with

0.5wt% HMTA, respectively. As one can see from the results of

weight loss presented in Table 5, a positive effect of SB acid

addition to the ANU with HMTA or DEA was observed, that was

not found in the electrochemical measurements. However, in

the presence of CN acid in the same concentrations as SB the

corrosion rate of CS was lower (Table 5 and Fig. 12) that was

detected both with weight loss and polarization measurement.
5 Conclusions

The corrosiveness of pure ANU solution toward CSwas overcome

by using the following organic amines: HMTA and DEA. The

effect of adding SB and CN acids as inhibitors in the system

was also tested. Inhibition effect was studied by weight loss,

potentiodynamic polarization, and electrochemical impedance

spectroscopy.

Both amines are highly efficient inhibitors of CS in the ANU

solution in concentrations of 0.5–1wt% at temperature 25–50 8C.
The amines suppressed the anodic reaction of CS and shifted the

EOCP to more positive values. Small inhibition effect of cathodic

reaction also was found.

The results of the electrochemical and weight loss

measurements were consistent with the IE. The protection

properties of the tested amines were associated with

increasing pH of the ANU solution and the formation of stable

passivated film on the surface of CS.

In summary, the corrosion rate of CS in ANU solution was

reduced from 71.4 to 0.047 and 0.113mpy at 25 8C, and from

525.9 to 0.135 and 0.132mpy at 50 8C using 1wt% DEA and

HMTA, respectively. A positive synergistic effect was observed

when CN acid was added to the ANU solution containing amines

resulting, e.g., in reducing the CR from 0.159 (0.5wt%HMTA) to

0.011 (0.5wt% HMTA and 0.3% CN) at 25 8C.
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