J MATER SCI41(2006)1991-1997

Effect of NaBr on the corrosion of cold rolled steel in

1.0 M phosphoric acid

LIBIN TANG*

Department of Chemistry, Yunnan University, Kunming 650091, People’s Republic of China;
Materials Research and Development Center, Kunming Institute of Physics, Kunming 650223,

People’s Republic of China
E-mail: scitang @yahoo.com

XUEMING LI

Department of Chemistry, Yunnan University, Kunming 650091, People’s Republic of China

HONGCHENG LIU

Supervision & Testing Center for Farm Products Quality, Ministry of Agriculture, Kunming

650223, People’s Republic of China
GUANNAN MU, GUANGHENG LIU

Department of Chemistry, Yunnan University, Kunming 650091, People’s Republic of China

Published online: 17 February 2006

The inhibition of NaBr on the corrosion of cold rolled steel in 1.0 M phosphoric acid was studied
by using weight loss method and polarization method. It was found that the adsorption of
bromide ion can prevent steel from corrosion and the adsorption follows the Langmuir
adsorption isotherm. Polarization studies showed that NaBr is a mixed-type inhibitor for steel
corrosion in 1.0 M phosphoric acid. Thermodynamic parameters such as adsorption heat,
adsorption entropy and adsorption free energy were obtained from the experimental data of
temperature studies for the inhibition process at four temperatures ranging from 30 to 45°C.
The kinetic data such as apparent activation energies and pre-exponential factors at different
concentrations of the inhibitor were calculated, and the effects of the apparent activation
energy and pre-exponential factor on the corrosion rate of cold rolled steel were discussed. The
inhibitive action was satisfactorily explained by using thermodynamic and kinetic models. The
results obtained from polarization experiment were in good agreement with those obtained
from weight loss measurement. © 2006 Springer Science + Business Media, Inc.

1. Introduction
Corrosion problems have received considerable attention
because of their attack on materials. The use of inhibitors
is one of the most practical methods for protecting materi-
als against corrosion, especially in acidic media. Acid so-
lutions are widely used in industry, for example, acid pick-
ling, acid cleaning and acid descaling. Because of the gen-
eral aggression of acidic solutions, inhibitors are generally
used to reduce the corrosive attack on metallic materials.
Some works have studied the influence of organic com-
pounds containing nitrogen [1-9], sulphur [3, 6, 8§-10],
oxygen [4.5,7,9, 11-13] and phosphorus [12, 14, 15] on
the corrosion of steel in acidic media. The results showed
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kinetic models, hoping to gain some useful information
about the mechanism of adsorption of halide ions.

2. Experimental method

2.1. Materials

The experiments were performed with cold rolled steel
specimens with the following composition: C < 0.10%,
Mn < 0.50%, P < 0.025%, S < 0.025%, Fe remainder.

2.2. Solutions
The aggressive solutions used were made of AR grade
phosphoric acid. Appropriate concentrations of acid were
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prepared using distilled water. The concentration range
of inhibitor employed was from 0.001 to 0.3 M in 1.0 M
phosphoric acid.

2.3. Gravimetric measurements

Prior to experiment, the cold rolled steel sheets of
30x15x0.5 mm were abraded with a series of emery
paper from 220 to 1000 grades. Then, the specimens were
washed several times with distilled water then with ace-
tone and dried using a stream of forced air. After weigh-
ing accurately, the specimens were immersed in 100 ml
beaker, which contained 100 ml 1.0 M phosphoric acid
with and without addition of different concentrations of
NaBr. All the aggressive acid solutions were open to air.
After 4 h, the specimens were taken out, washed, dried
and weighed accurately. Then the tests were repeated at
different temperatures.

2.4. Electrochemical measurements

For polarization studies, the steel specimen was embed-
ded in PVC holder using epoxy resin with an exposed area
of 1.0 cm? (0.155 in.?) as a working electrode. A platinum
foil was used as an auxiliary electrode. The reference elec-
trode was a saturated calomel electrode (SCE) coupled to
a Luggin capillary whose tip was located between the
working electrode and the auxiliary electrode.

Before measurement, the electrode was immersed
in test solution at natural potential for ca. 2 h un-
til a steady state was reached. All polarization mea-
surements were performed using PARSTAT 2263 Po-
tentiostat/Galvanostat (Princeton Applied Research) at
25°C under aerated condition, and the scanning rate was
0.5mV s~

3. Experimental results and discussion

3.1. Effect of concentration of NaBr and
experimental temperature on the
corrosion rate of steel

The value of corrosion rate is calculated from the follow-

ing equation [1, 18]:

v =(my —my)/(S 1) ey

where m; is the mass of the specimen before corrosion,
my is the mass of the specimen after corrosion, S is the
area of the rectangular steel, ¢ is corrosion time and v is
corrosion rate.

Fig. 1 shows the effect of concentration of NaBr on the
corrosion rate of steel in 1.0 M phosphoric acid.

Fig. 1 clearly shows that at a certain experimental tem-
perature, corrosion rate of specimen reduces with increas-
ing concentration of NaBr, while at a certain concentra-
tion of NaBr, corrosion rate of specimen increases with
increasing in experimental temperature. It is worth noting
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Figure 1 Dependence of the concentration of NaBr on the corrosion rate
of steel at different temperatures.

that the higher the experimental temperature, the more
remarkable change of the corrosion rate of specimen.

3.2. Effects of inhibitor concentration and
experimental temperature on inhibition
efficiency

The inhibition efficiency of NaBr for the corrosion of

cold rolled steel was calculated by using the following

equation [2]:

E(%) = (vg — v)/vg x 100 )

where vy and v are the corrosion rates of the specimens
in the solutions without and with inhibitor, respectively.
The values of inhibition efficiency are calculated and
summarized in Table I, and the variation of inhibition
efficiencies with concentration of NaBr at different tem-
peratures is given in Fig. 2. It can be seen from the Table I
and Fig. 2 that inhibition efficiency rapidly increases with
an increase in concentration of NaBr at the same temper-
ature. At the same concentration of NaBr, however, inhi-
bition efficiency decreases with increasing experimental
temperature. The results show that inhibition efficiency
of NaBr is jointly affected by concentration of NaBr and
experimental temperature in 1.0 M phosphoric acid.

3.3. Adsorption isotherm for bromide ion
Assuming the corrosion inhibition was caused by the ad-
sorption of bromide ion, and the degree of surface cov-
erage (0) for different concentrations of NaBr in 1.0 M
phosphoric acid was evaluated from weight loss measure-
ment using the Sekine and Hirakawa’s method [14]:

0 = (vo — v)/(Vo — Vm) 3

where v,, is the smallest corrosion rate.



TABLE I Inhibition efficiency obtained from the weight loss method
for different concentrations of NaBr in 1.0 M phosphoric acid at different
temperatures

TABLE III
erage and ¢

Some parameters of the linear regression between ¢ /cov-

Linear correlation

Inhibition efficiency (%) Temperature (°C) K Slope coefficient
NaBr (M) 30°C 35°C 40°C 45°C 30 73.285 0.963 0.999
35 57.191 0.953 0.998
0.001 10.714 7.335 6.891 5.644 40 46.766 0.947 0.996
0.005 24.557 20.265 16.751 16.510 45 43.871 0.945 0.996
0.01 32.203 28.429 26.335 23.668
0.05 57.130 52.549 47.410 44.241
0.1 69.350 64.945 59.456 54.737 0.35
0.3 78.784 77.154 75.718 71.798
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Figure 2 Relationship between inhibition efficiency and concentration of
NaBr at different temperatures.

The values of coverage have been calculated and listed
in Table II. Apparently, the value of coverage increases
with an increase in concentration of NaBr at each exper-
imental temperature, while at a certain concentration of
NaBr, the value of coverage, on the whole, decreases with
increasing in experimental temperature.

Assuming the adsorption of bromide ion on steel sur-
face followed the simplest adsorption isotherm, i.e., the
Langmuir adsorption isotherm, and the Langmuir adsorp-
tion isotherm was applied to investigate the adsorption

TABLE II The values of coverage obtained from the weight loss method
for different concentrations of NaBr in 1.0 M phosphoric acid at different
temperatures

Coverage
NaBr (M) 30°C 35°C 40°C 45°C
0.001 0.136 0.095 0.091 0.079
0.005 0.312 0.263 0.221 0.230
0.01 0.409 0.368 0.348 0.330
0.05 0.725 0.681 0.626 0.616
0.1 0.880 0.842 0.785 0.762
0.3 1.000 1.000 1.000 1.000

mechanism by the following equation [1, 19, 20]:
c/60=1/K +c¢ “4)

where K is the equilibrium constant of the adsorption
process, and c is the inhibitor concentration.

The regression between c/coverage and ¢ was com-
pleted using computer, and Fig. 3 clearly shows the good
linear relationship between c/coverage and c at 30°C. The
corresponding parameters were listed in Table III. Ob-
viously, the linear correlation coefficients and slopes are
close to 1.000, which means that the assumption is correct,
i.e., the adsorption of bromide ion on steel surface obeys
the Langmuir adsorption isotherm. Table III also shows
that the equilibrium constant of the adsorption process (K)
decreases with increasing temperature. It is well known
that K indicates the adsorption ability of inhibitor onto the
steel surface. In Table III, NaBr gives high values of K at
lower temperatures, indicating that bromide ion absorbs
strongly onto the steel surface. Therefore, the inhibition
efficiency decreases with increasing temperature as the
result of the improvement for the desorption of bromide
ion from the steel surface.

3.4. Thermodynamic parameters for NaBr
Thermodynamic model can be used to explain the ad-
sorption phenomenon of inhibitor molecule. Using the
obtained adsorption coefficients, the values of adsorption
free energy, adsorption heat and adsorption entropy can
be calculated.
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Figure 4 Dependence of InK on 1/T.

The adsorption heat was calculated according to the
Van’t Hoff equation [1, 19]:

InK = (—AH)/RT + Constant &)

To obtain the adsorption heat, the regression between
In K and 1/T was dealt with. The relationship

between InK and 1/T was shown in Fig. 4. Clearly,
the adsorption heat can be obtained by using the slope
of the regression. Under the experimental conditions, the
adsorption heat can be approximately regarded as the stan-
dard adsorption heat (AH®).

To obtain the standard adsorption free energy (AG®),
the following equation was employed [1, 21]:

K = (1/55.5)exp[—AG°/(RT)] ©6)

According to the thermodynamic basic equation AG®° =
AH° —TAS°, the standard adsorption entropy AS° could
be calculated.

All the obtained thermodynamic parameters were listed
in Table IV. The negative values of AG® mean that the
adsorption of bromide ion on steel surface is a sponta-
neous process. The negative values of AH® suggest that
the adsorption is an exothermic process, and the magni-
tudes of AH° mean that physical adsorption might take
place in the system. The negative values of AS° suggest
that the adsorption is a process accompanied by a decrease
in entropy.

TABLE IV  The thermodynamic parameters of adsorption of bromide
ion on the steel surface at different temperatures

Temperature AG° AH° AS°

°C) (kJ mol~1) (kJ mol~1) Jmol~ ! K1)
30 —20.946 —28.003 —23.280

35 —20.656 —28.003 —23.842

40 —20.468 —28.003 —24.064

45 —20.626 —28.003 —23.190

3.5. Kinetic parameters for NaBr

It is found that the natural logarithm of corrosion rate acts
as a linear function of the reciprocal of absolute tempera-
ture, i.e [1]:

Inv=—Fa/RT +InA )

Where Ea represents the apparent activation energy, R is
the universal gas constant, T is the absolute temperature,
and A is the pre-exponential factor.

The regression between In v and 1/T was completed us-
ing computer, and the results indicated that all the regres-
sion coefficients are very close to 1. The dependence of
Inv on 1/T was showed in Fig. 5. The apparent activation
energy and pre-exponential factor can be calculated from
the slope and intercept of the regression, respectively.
All the kinetic parameters were calculated and listed in
Table V.

Table V suggests that with increasing concentration of
NaBr the values of Ea increase firstly, and then decrease
with increasing concentration of NaBr. That is to say, in
the present system there is a “peak-like”

Ea. Atlower concentrations (0.001-0.1 M) of NaBr, Ea
increases with increasing concentration of NaBr, while at
concentrations above 0.1 M, Ea decreases with increasing
concentration of NaBr. The variation in Ea is the same as
that of Libin Tang’s previous study [1]. The relationship
between Ea and concentration of NaBr was shown in
Fig. 6. It is noticeable that all values of Ea in the presence
of NaBr are higher than that in uninhibited phosphoric
acid. The result indicates that the energy barrier for the
corrosion of steel has been enlarged by the presence of
NaBr in 1.0 M phosphoric acid.

According to the Equation 7, the corrosion rate of steel
is jointly affected by Ea and A at a certain temperature.
Generally speaking, the influence of Ea on the corrosion
rate of steel is more obvious than that of A. However,
if the variation of A is more prominent than that of Ea,
the value of A might be the dominant factor to decide
the corrosion rate of steel. In this system, in the range of
inhibitor concentration from 0.001 to 0.1 M, the increase
in concentration of NaBr leads to the increase in Ea, and
accordingly reduces the corrosion rate of steel. As far as
A is concerned, the value of A increases with increasing

TABLE V  Some parameters of the linear regression between In v and
1T

Linear
Pre-exponential factor correlation
NaBr (M) (g m—2h 1 Ea (kJ mol™1) coefficient
0 3.001 x 10'2 65.235 0.991
0.001 8.024 x 10'2 67.980 0.990
0.005 2.106 x 1013 70.828 0.992
0.01 2.371 x 1013 71.410 0.991
0.05 3.794 x 10" 79.550 0.994
0.1 3.979 x 10 86.333 0.995
0.3 2.082 x 101 79.866 0.991
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Figure 6 Relationship between Ea and concentration of NaBr.

of inhibitor concentration. The experimental data show
that the values of corrosion rate decrease with increasing
concentration of NaBr. So, it is clear that in this system
the increase of Ea is a crucial factor for the inhibitor to
decrease the corrosion rate of steel in 1.0 M phosphoric
acid.

3.6. Functions obtained from transition-state
equation

The thermodynamic functions for dissolution of steel in

uninhibited and inhibited solutions can be obtained by

TABLE VI Functions obtained from transition-state equation

NaBr (M) AH? (kKI-mol™1) ASS Jmol~'K™h
0 62.653 —14.704 0.990
0.001 65.399 —6.525 0.989
0.005 68.247 1.491 0.992
0.01 68.829 2.484 0.991
0.05 76.969 25.535 0.994
0.1 83.751 45.074 0.995
0.3 77.248 20.546 0.990
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Figure 7 The relationship between In(v/T) and 1/T.

applying the transition-state equation [22, 23]:
In(v/T) =In(R/Nah)+ AS,/R — AH;/RT (8)

where N, is the Avogadro’s mumber, /4 is the Plank’s
constant, AS; and AH; are the apparent entropy and
apparent enthalpy of activation, respectively.

Fig. 7 suggests that for the system in the absence and
presence of inhibitor, there is a good linear relationship
between In(v/T) and 1/7, indicating the transition-state
equation can be used in the present study.

The values of AS; and AH can be calculated from the
intercept and slope of the regression between In(v/T) and
1/T, respectively. The values were calculated and listed in
Table VI.

Linear correlation coefficients listed in Table VI
show that the relationship between In(v/T) and 1/T
is linear. Clearly, all the inhibited values of AH, are
bigger than the uninhibited value (62.653 kJ mol~!),
meaning higher barrier for the steel dissolution in the
inhibited solutions. The values of AS; are positive except
the systems in the absence and presence of 0.001 M NaBr,
implying the activated complex in the rate-determining
step represents a dissociation rather than an association
step, meaning that an increase in disordering takes place
on going from reactants to the activated complex.
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TABLE VII

Electrochemical parameters obtained from polarization measurements at 25°C

NaBr (M) Ecorr (mV vs. SCE) icorr (WA cm™2)

Be (mV dec™ 1) Ba (mV dec™1) (%) IE (%)

1.406x 102
1.130x 102
1.283%10!

0 —465.131
0.01 —467.779
0.1 —455.687

91.208
87.560
77.041

20.537 0
20.951 19.630
19.777 90.875
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Figure 8 Polarization curves for steel corrosion in the absence and presence
of various concentrations of NaBr in 1.0 M phosphoric acid at 25°C.

3.7. Polarization studies
The polarization behavior of cold rolled steel in 1.0 M
phosphoric acid in the absence and presence of different
concentrations of NaBr is shown in Fig. 8. Electrochem-
ical parameters such as corrosion current density (icor),
corrosion potential (Eo) and Tafel slope are given in
Table VIIL

Inhibition efficiency may also be calculated by corro-
sion current density using the following formula [24]:

E(%) =100 x (icorr - iéorr)/ Lcorr (9)

where i..; and i'.o are the corrosion current densities in
the absence and presence of inhibitor, respectively. The
values of inhibition efficiency are also listed in Table VII.

Fig. 8 shows that the addition of 0.01 M NaBrto 1.0 M
phosphoric acid does not affect the corrosion of steel on
the whole, but the presence of 0.1 M NaBr observably
inhibits both anodic and cathodic reactions. Because
NaBr exhibits the evident anodic and cathodic inhibition
and does not shift E.,, to the anodic or cathodic direction
dramatically, NaBr can be defined as a mixed type in-
hibitor for the corrosion of steel in 1.0 M phosphoric acid.
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Once again, the data in Table VII show that inhibition
efficiency increases with increasing of concentration of
NaBr, which is similar to the results obtained from weight
loss measurements, showing that the results obtained
from polarization and weight loss method are in good
agreement. Further study on Table VII shows that the
values of inhibition efficiency obtained from polarization
are different from those obtained from weight loss
measurements at the same concentrations of NaBr, the
difference may be due to the difference in experimental
temperature (the polarization was carried out at 25°C,
but the weight loss was performed at temperatures
ranging from 30°C to 45°C) and the discrepancy in the
two experimental methods (the weight loss deals with
uniform corrosion, but the but the polarization deals with
uniform and pitting corrosion).

Fig. 8 clearly shows that when the potential reaches
about —380 mV, the inhibitor loses its protection against
anodic dissolution of steel, which may be the result of
the desorption of bromide ion from steel surface. Thus,
the desorption potential for steel corrosion in 1.0 M phos-
phoric acid in the presence of NaBr is about —380 mV.

3.8. Explanation for the mechanism
of inhibition of bromide ion

It is well known that in the acidic solution steel surface
charges positive charge because of Ecor — Eq—o (zero
charge potential) >0. As far as bromide ion is concerned,
by means of electrostatic attraction, the specific adsorp-
tion and the smaller degree of hydration make the nega-
tively charged bromide ion easily adsorbed (physical ad-
sorption) onto positively charged steel surface, preventing
steel surface from the attack of proton. As aresult, the steel
corrosion is suppressed.

4. Conclusions

NaBr can inhibit steel corrosion in phosphoric acid, and
the high temperature is a disadvantage for single NaBr
as an inhibitor for steel corrosion in phosphoric acid. In
the case of high temperature, NaBr should be used as a
component of the complex inhibitor.

The inhibition action of NaBr for the steel corrosion is
attributed to the adsorption of bromide ion on the steel
surface, and the adsorption behavior of bromide ion on
steel surface in 1.0 M phosphoric acid accords with the
Langmuir adsorption isotherm.

The adsorption of bromide ion onto the steel surface
is a spontaneous, exothermic process accompanied by a
decrease in entropy.



With the increase in the concentration of NaBr, the

energy barrier for the steel corrosion becomes higher in
1.0 M phosphoric acid.

NaBr acts as a mixed type inhibitor for the steel corro-

sion in 1.0 M phosphoric acid.

References

1.

2.

. F. BENTISS,

L. B. TANG, G. N. MU and G. H. LIU, Corros. Sci. 45 (2003)
2251.

P. MANJULA, S. MANONMANI, P. JAYARAM andS. RA-
JENDRAN, Anti-Corrosion Methods and Materials 48 (2001) 319.

. F. BENTISS, M. BOUANIS, B. MERNARI, M. TRAISNEL

and M. LAGRENEE, J. Appl. Electrochem. 32 (2002) 671.

B. R. BABU andR. HOLZE, Br. Corros. J. 35 (2000) 204.

M. TRAISNEL and M. LAGRENEE, Corros.
Sci. 42 (2000) 127.

. B. A. ABD-EL-NABEY, E. KHAMIS, M. SH RAMADAN

and A. EL-GINDY, Corrosion 52 (1996) 671.
M. A. QURAISHI and D. JAMAL, ibid. 56 (2000) 156.

. IDEM., ibid. 56 (2000) 983.

E. E. EBENSO, Mater. Chem. Phys. 79 (2003) 58.
M. H. WAHDAN, ibid. 49 (1997) 135.

. M. GOIJI¢, Corros. Sci. 43 (2001) 919.

13.

14.
15.

17.
18.

19.
20.

21.
22.

23.
24.

. X. H. TO, N. PEBERE, N. PELAPRAT, B. BOUTEVIN
and Y. HERVAUD, ibid. 39 (1997) 1925.

Y. FENG, K. S. SIOW, W. K. TEO and A. K. HSIEH, ibid.
41 (1999) 829.

I. SEKINE and Y. HIRAKAWA, Corrosion 42 (1986) 272.

E. KHAMIS, E. S. H. EL-ASHRY and A. K. IBRAHIM,
Br. Corros J.. 35 (2000) 150.

. M. HOSSEINI, S. F. L. MERTENS and M. R. ARSHADI,
Corros. Sci. 45 (2003) 1473.

T. DU, J. CHEN and D. CAO, Br. Corros. J. 35 (2000) 229.

L. B. TANG, L. LI, J. ZHANG, G. H. LIU and G. N.
MU, Journal of Yunnan University (Chinese) 23 (2001) 398.

T. P. ZHAO and G. N. MU, Corros. Sci. 41 (1999) 1937.

X. M. LI, L. B. TANG, J. ZHANG, G. N. MU and G. H.
L1U, Journal of Yunnan University (Chinese) 24 (2002) 157.

E. KHAMIS, Corrosion 46 (1990) 476.

M. A. AMEER, E. KHAMIS and G. AL-SENANI J. App[
Electrochem. 32 (2002) 149.

S. MARTINEZ andI. STERN, Appl. Surf. Sci. 199 (2002) 83.

M. ELACHOURI, M. S. HAJJI, M. SALEM, S. KERTIT,
J. ARIDE, R. COUDERT and E. ESSASSI, Corrosion 52
(1996) 103.

Received 11 January
and accepted 20 June 2005

1997



