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Abstract The inhibition effect of New Fuchsin dye on

the corrosion of mild steel in 1 M HCl was studied using

electrochemical noise measurements (ENM) and the elec-

trochemical impedance spectroscopy (EIS) method. The

experimental results indicated that, the New Fuchsin is

effective inhibitor even in very low concentration (5 ppm).

EIS studies showed that the polarization resistance of mild

steel in 1 M HCl increases as the inhibitor concentration

increases. Experimental results showed that the DC trend

can affect the results obtained from analysis of electro-

chemical noise data in time domain. DC trend of

electrochemical noise data was removed by MAR method.

After trend removal, electrochemical noise resistance is

confirmed to be strongly correlated to polarization

resistance.

Keywords Corrosion inhibition � New Fuchsin �
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1 Introduction

Acid solutions are widely used in industry. The most

important areas of application are acid pickling, acid

cleaning, acid rescaling and oil well cleaning. Corrosion

inhibitors are needed to reduce the corrosion rates of

metallic materials in these media [1]. Corrosion inhibitors

can significantly decrease the corrosion rate when added to

a corrosive environment in small concentrations. The

inhibition mechanism is carried out through their adsorp-

tion on the metallic surfaces [2]. Most of effective

corrosion inhibitors are chemical compound with high

toxicity and dangerous for environments. Therefore it is

desirable to find effective inhibitors with low toxic char-

acteristics [3]. Several authors have been focused on the

investigation of organic dyes as inhibitors for steel [4–6].

There are several electrochemical methods to study the

corrosion inhibition characteristics of materials. Among

these methods, Electrochemical Noise Measurements

(ENM) has also been successfully applied to the study of

corrosion inhibitor performance [7–10]. ENM has gained

popularity in the recent years and has emerged as a

promising technique for corrosion analysis. Electrochemi-

cal noise describes the low level spontaneous fluctuations

of potential and current that occurs during an electro-

chemical process [11]. The methods based on ENM do not

need any externally imposed perturbation to the electro-

chemical system that could change its specific properties

[12]. The conventional measurement technique that is

widely used and accepted is based on the measurement of

the current noise between two nominally identical working

electrodes (using a zero-resistance ammeter) and the

potential noise of the coupled working electrode pair [13].

To make electrochemical noise measurements conve-

nient for field applications, the measurement of a quantity

generally called noise resistance (Rn) has been proposed.

The noise resistance is defined as the ratio of the standard

deviation of the EPN (electrochemical potential noise) and

ECN (electrochemical current noise) data. It is found that

noise resistance can be comparable with polarization

resistance (Rp) obtained by other electrochemical methods

such as linear polarization and electrochemical impedance

spectroscopy (EIS) although controversy is exist between

scientists yet [14, 15].
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Instability of the test electrode during the measurement

period is a problem that can affect many electrochemical

techniques [15]. Electrochemical noise data is regarded as

random fluctuations around some mean values. For exam-

ple, in the case of electrochemical potential noise the mean

value is corrosion potential. It is often observed that the

corrosion potential tends to drift during an experiment.

This phenomenon is referred to as DC trend and the pro-

cess of removing it is called trend removal [16]. It has been

shown that DC trend can affect standard deviations of the

potential and current fluctuations (rV, ri), and then can

change the noise resistance value (Rn = rV/ri). Therefore

trend removal process is necessary prior to statistical

analysis [15]. Among different trend removal methods,

linear trend removal (LTR) and moving average removal

(MAR) are two most prominent methods that have been

applied to electrochemical noise data [16]. Disagreement

exists yet about the ability of mentioned trend removal

methods and more experimental assays need to evaluate the

real capacity of these methods to correct the ENM results.

The aim of this study is the investigation of inhibition

characteristics of New Fuchsin (NF) dye on the corrosion

of steel in hydrochloric acid as low toxic and effective

inhibitor by electrochemical noise measurements and

comparison of obtained results with EIS (electrochemical

impedance spectroscopy) results before and after trend

removal using MAR method. The inhibition effect of other

Triphenylmethane derivatives, namely fuchsin basic (FB)

and fuchsin acid (FA), was investigated against copper

corrosion in sulphuric acid and citric acid solutions [17, 18]

which are not same derivatives as new fuchsin that are used

in the present study.

2 Materials and methods

2.1 Materials

The chemical composition (wt. %) of the steel specimen

(determined by SPECTROLAB quantometer) is given in

Table 1. The steel specimens were polished with emery

papers no. 400–1200 grade. They were degreased with

acetone, washed with double-distilled water, and finally

dried at room temperature before immersion in the acid

solution. The acid solutions (1 M HCl) were made from

analytical grade 37% HCl using double-distilled water.

New Fuchsin dye with purity of 99.99% provided by

Merck was used in this study. The molecular structure of

the NF dye is given in Fig. 1. The employed concentration

range of NF was 5–200 ppm.

2.2 Methods

2.2.1 Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were carried out using AUTOLAB

Potentiostat-Galvanostat (PGSTAT30) and the FRA ver-

sion 4.9. 005Beta software. A sinusoidal voltage signal of

5 mV was applied over a frequency range of 10 KHz–

50 mHz. All EIS experiments were performed in open

circuit potential using a three–electrode cell configuration

consist of a saturated Ag/AgCl electrode as reference,

platinum sheet as counter electrode and mild steel sample

as working electrode. The working electrode was prepared

from steel, mounted in polyester such that the area exposed

to solution was 1 cm2. All experiments were performed

after 1 hour’s immersion under atmospheric conditions and

in 25 �C.

2.2.2 Electrochemical noise (EN)

Electrochemical noise data were recorded using an

AUTOLAB Potentiostat-Galvanostat (PGSTAT30) and

GPES (General Purpose Electrochemical Software) version

4.9 005Beta software. A three–electrode cell configuration

(Fig. 2) consists of two identical steel electrodes as dual

working electrodes (each other with 1 cm2 surface area)

and a saturated Ag/AgCl electrode as a reference electrode

was used. The working electrodes were prepared in a

similar manner that described for EIS studies. Electro-

chemical current noise was measured between the two

working electrodes and simultaneously, the potential noise

was measured between two coupled working electrodes

(coupled through the Zero Resistance Ammeter) and the

reference electrode. All experiments were carried out in

open circuit potential condition. For all the experiments, a

Table 1 Chemical composition of steel sample

C S Si Mn S Fe

0.15 0.04 0.01 0.9 0.05 Balance

Fig. 1 Chemical structure of New Fuchsin dye
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sampling interval of 0.5 s was chosen over 512 consecutive

data points. The frequency domain corresponding to the

sampling conditions was evaluated to be between 1 Hz

(fmax) and 3.91 mHz (fmin), from fmax = 1/2Dt, where Dt is

the sampling interval and fmin = 1/NDt, where N is the

total number of data points [11]. All experiments were

performed after 1 hour immersion under atmospheric

conditions and in in 25 �C.

2.3 Data analysis

2.3.1 EIS data analysis

Nyquist plots of steel in HCl solution consist of a single

semicircle (capacitive like) which can be modeled as an

electric equivalent circuit with a parallel combination of

double-layer capacitance, Cdl, and polarization resistance,

Rp, in series with the solution resistance, Rs, (Fig. 3) as has

been reported for steel corrosion in acid media [19, 20].

In evaluation of Nyquist plots the difference in real

impedance at lower and higher frequencies is considered

as polarization resistance (Rp). To obtain the double

layer capacitance (Cdl), the frequency of the maximum

imaginary component of the impedance (-Z00max) is found

and Cdl values are obtained from the equation [21]:

f ð�Z 00maxÞ ¼
1

2pCdlRp
ð1Þ

2.3.2 EN data analysis

The noise resistance, Rn, was determined in the time

domain, as the ratio of the standard deviation of potential

noise, rV, to that of current noise, rI, (Rn = rV/rI). As it

discussed in introduction section, it is necessary to remove

the DC trend before the analysis of noise data in time

domain. Among different trend removal methods, we used

the MAR method that previously described by Tan et al.

[8]. This method is one of the most interesting trend

removal methods which remove the average values from

the noise record, because the average values should be a

good estimation of the DC trend. This method can be

briefly explained as follows [8]: consider an experimentally

recoded voltage-time series consist of k data point

( Vnf gn ¼ 1; 2; 3; . . .i; iþ 1; iþ 2; . . .k). Any data point in

the series, Vi, is regarded as a combination of the real noise

component and the DC trend component:

Vi ¼ Vi;noise þ Vi;DC ð2Þ

Vi,noise is the real noise and is required for noise resistance

calculation. Vi,DC is the DC trend component which has to be

removed. According the above assumption, average value of

adjacent data points of Vi, can be taken as an estimation of

the DC trend and thus the DC trend component of each raw

noise data(Vi,DC) can be statistically calculate:

Vi;DC ¼ ViðpÞ ¼

Piþpþ1

i�p

Vi

ð2pþ 2Þ ð3Þ

where p can be 1, 2, 3 or more. The DC trend in the

voltage-time record can therefore be removed and the

random fluctuation Vi,noise could be deduced as:

Vi;noise ¼ Vi � Vi;DC ð4Þ

3 Results and discussion

3.1 EIS results

Figure 4 shows the typical impedance response of the steel

electrode after 1 h immersion in the blank solution (1 M

HCl). It corresponds to a single time constant, similarly

observed by other authors for steel in hydrochloric solution

[1, 19, 20] and [22]. The impedance diagram (Nyquist)

contains depressed semicircle with the center under the real

axis, with such behavior characteristic for solid electrodes

[23]. In such cases, the simple circuit consisting of Rp and

Fig. 2 Electrochemical noise measurements setup

Fig. 3 Equivalent circuit model for steel in Hydrochloric acid

solution
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Cdl (Fig. 3) is usually a poor approximation especially in

the presence of effective inhibitors. Therefore, it is neces-

sary to use a constant phase element, CPE, instead of Cdl to

account for non-ideal behavior of double layer. The CPE is

modeled by the following equation [24]:

ZCPE ¼ ðjxCÞ�a ð5Þ

where Z is the impedance, j the square root of -1, x the

frequency, C the capacitance and a is the measure of the

non-ideality of the capacitor and has a value in the range

0 \ a\ 1. The values of polarization resistance (Rp) and

CPE for mild steel in blank solution are given in Table 2.

Nyquist plots of mild steel in 1 M HCl in the presence of

different concentrations of NF dye are shown in Fig. 5 and

the corresponding parameters are given in Table 2. It is

clear from Fig. 5 that the impedance response of mild steel

has significantly changed after the addition of NF at dif-

ferent concentrations in 1 M HCl. It is evident from

Table 2 that the value of polarization resistance signifi-

cantly increases with addition of NF dye. The values of

polarization resistance increase when the NF concentration

increases. There is a tendency for decreasing of the CPE

with the concentration of NF. The decrease in the CPE,

which can result from a decrease in local dielectric con-

stant and/or an increase in the thickness of the electrical

double layer, suggested that the NF molecule act by

adsorption at the metal/solution interface [25].

3.2 EN measurements

The potential and current noise data were recorded simul-

taneously as described in the experimental section and the

data were analyzed in time domain. Figure 6 shows the raw

potential noise data obtained for the steel in 1 M HCl both

in the presence and absence of inhibitor at different con-

centrations and Fig. 7 shows the corresponding raw current

noise data.

The noise resistance, Rn, was calculated by analysis of

raw noise data in the time domain, as the ratio of the

standard deviation of potential noise, rV, to that of current

noise, rI. The calculated parameters are summarized in

Table 3. Analysis of noise data in time domain has the

advantages of simplicity and convenience, and this has

been demonstrated in several practical applications [8]. It is

clear from the Table 3 that the noise resistance of mild

steel electrode in 1 M HCl solution significantly increases

when the inhibitor adds to corrosive solution in different

concentrations. The increase of noise resistance can be

directly related to the decrease of ri because of inhibitor

film formation. The comparison of obtained results by two

different electrochemical methods (EN and EIS) shows that

there are high differences between the values of polariza-

tion resistance (obtained by EIS) and those of noise

resistance (obtained by the analysis of raw noise data in

time domain). Tan et al. believe that DC trend can cause
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Fig. 4 Nyquist plot for mild steel in 1 M HCl at room temperature
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Fig. 5 Nyquist plot for mild steel in 1 M HCl in the presence of New

Fuchsin at different concentration

Table 2 Impedance parameters for mild steel in 1 M HCl in the

absence and the presence of inhibitor in different concentrations

NF Concentration/

ppm

Rct/X cm2 CPE/F Corrosion

potential/mV

Blank 13.5 1.11 9 10-4 -565

5 252.5 1.37 9 10-5 -564

25 429.2 5.03 9 10-6 -563

50 551.3 3.66 9 10-6 -564

200 1411.1 9.19 9 10-7 -565
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inaccuracy in the calculation of noise resistance from time

domain analysis, so the DC trend must be removed before

the calculation of noise resistance.

Tan’s MAR method [8] was used in this study to remove

the DC trend from noise data. Real noise data, used in further

statistical analysis, was extracted using this method. MAR

was carried out in MATLAB 6.5 with a value of p = 3. Trend

removed potential and current noise data are shown in Fig. 6

and Fig. 7 respectively. The analysis of trend removed noise

data in time domain was carried out and the calculated noise

parameters are given in Table 4. It is clear that the values of

noise resistance after trend removal process are quite com-

parable to Rp values obtained by EIS. However, the values of

noise resistance after trend removal are not exactly same as

the values of polarization resistance. A possible explanation

for this difference could be provided concerning the exper-

imental conditions. In the impedance instrumentation, a

fixed potential is imposed, equal to the open circuit potential

at the beginning of the experiment, and any differences of

local potential on the electrode surfaces are minimal, being

corrected through feedback. Under natural conditions, there

is, however, no imposed external control, so the local

potential is able to vary more and in this condition the

resistance of surface can be larger [26]. Fig. 8 shows a

comparison of noise resistance before and after of MAR

process with the polarization resistance. As it is clear from

Fig. 8, good agreement between noise resistance and

polarization resistance is obtained only after the trend

removal. The results of this study show that the noise resis-

tance is the special form of polarization resistance which can

be named statistical polarization resistance. In other words,

these results show that the ENM can be used as a powerful

method to determine the corrosion rate of metals. Our results

also show that the MAR method is a very useful method to

remove DC trend from noise data to produce accurate

information, as reported by Tan et al. previously [7].

Fig. 6 Raw and trend removed

potential noise data for mild

steel in 1 M HCl in the absence

(a) and presence of New

Fuchsin at different

concentration: 5 ppm(b),

25 ppm (c), 50 ppm (d),

200 ppm (e)
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3.2.1 Inhibitor adsorption

Suitable adsorption isotherm can be used to represent the

adsorption of inhibitor molecules on the steel surface.

Fruendlich isotherm is generally expressed by the follow-

ing equation [27]:

h ¼ KCn ð6Þ

Where h is surface coverage, C is the concentration, K and

n are coefficients. Surface coverage can be calculated using

the following equation [1]:

h ¼
RðinhÞ � R0

RðinhÞ
ð7Þ

where R(inh) and R0 are the corrosion resistance in the

presence and absence of inhibitor respectively. The values

of surface coverage are listed in Table 4. The fit of the data

to the Fruendlich isotherm was very good with a correla-

tion coefficient of 0.9963 (Fig. 9).From Table 2, it is clear

that the addition of NF in different concentrations dose not

significantly change the corrosion potential of steel in 1 M

Hydrochloric solution. This fact shows that studied inhib-

itor can be classified as mixed type inhibitor which protect

Fig. 7 Raw and trend removed

current noise data for mild steel

in 1 M HCl in the absence (a)

and presence of New Fuchsin at

different concentration:

5 ppm(b), 25 ppm (c), 50 ppm

(d), 200 ppm (e)

Table 3 Noise parameters obtained by analysis of raw noise data in

time domain for mild steel in Hydrochloric acid either in the presence

or absence of New Fuchsin as inhibitor

NF Concentration/ppm rv ri Rn/X cm2

Blank 1.5867 9 10-4 7.5553 9 10-6 21.0

5 1.9102 9 10-4 1.7258 9 10-7 1106.9

25 3.9021 9 10-4 2.9604 9 10-7 1318.1

50 4.6697 9 10-4 3.2741 9 10-7 1425.7

200 6.9166 9 10-4 7.3156 9 10-7 945.5
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metal surface by adsorption. Generally, organic compounds

cannot be designed specifically as the anodic or the

cathodic inhibitors. They are mixed inhibitors that inhibit

both the anodic and cathodic reactions. Small changes in

potentials can be a result of the competition of the anodic

and the cathodic inhibiting reactions, and of the metal

surface condition [28]. Also it is clear that the NF acts as an

adsorption inhibitor, but more investigations need to

understand the mechanism of adsorption.

4 Conclusion

The following main conclusions are drawn from the pres-

ent study:

1. New Fuchsin acts as an effective corrosion inhibitor

for mils steel in 1 M hydrochloric acid even in very

low concentration.

2. As the inhibitor concentration increases the values of

polarization resistance increase and the values of

double layer capacitance decrease. These results can

be explained by inhibitor adsorption on the metal

surface.

3. Analysis of noise data in time domain and comparison

of calculated noise resistance with the polarization

resistance obtained by EIS reveal that the DC trend can

strongly influence noise parameters accuracy.

4. It is found that the MAR trend removal method is very

useful so that analysis of trend removed noise data in

time domain produced some data that was in very good

agreement with EIS results.

5. Adsorption of NF on the metal surface obey Fruend-

lich isotherm. NF acts as mixed type inhibitor.
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