Y¥RAk 2 (Wuli Huaxue Xuebao)
February Acta Phys. -Chim. Sin., 2008, 24(2):243-249 243

[Article]

www.whxb.pku.edu.cn

pH B R & 7 Bk $ 5% T B9 R B4 T 08 B 22 SR AL 3 B 22 Wi

& g 2h

i

S (E1F

4
(PR A A TR, ML E R 2 SRR R AT R S0 2, i 430074)

WE: SRR BT, BF5E T pH AR MR A T A IR B LA RO e CO, Ji ik 22 ke

PLBERSZMR. WFTESE SRR, T M0 pH ARG It A W0 B AN 22 ek MBS e i M . OGS AR 9 ) 22 e 2
B A W pHAEL ) S AT S 558 . pHAE 4.9, 1 e T2 40l JEg ok A I ARG . e 790 27 1 < Joms 2 T g WA 4 e
UL, SRR 2 5 S HE TBERRS, PRI AS RE A3 i 3 ok S 107 ) 10647 . pHAEL b 6. 91T, Gl 530 ) W2 MR BB o, RE RIS A
] R 7 R T, T A 283 RELR 2=, [ AU ok ) A PEURR A R, T A 25 60 8 e 5 10 ) BEA 5

KEER: ALk T TR WM Z0WLEE; pHIE; TR
FESES: 0646

Effect of pH Value on the Adsorption Behavior and Inhibition
Mechanism of Dodecylamine on Carbon Steel

LU Zhao-Ling QIU Yu-Bing GUO Xing-Peng "
Huazhong University of Science and Technology, Wuhan 430074, P. R. China)

Abstract: The effect of pH value on the adsorption behavior and inhibition mechanism of dodecylamine for carbon
dioxide corrosion of carbon steel was investigated by electrochemical methods and scanning electron microscopy
(SEM). The results indicated that the pH value of the solution played the crucial role to the adsorption behavior and
inhibition mechanism of dodecylamine. The inhibition performance of dodecylamine on carbon steel was dependent on
the pH value and the inhibition efficiency increased with the increase of pH value. At pH 4.9, dodecylamine mainly
inhibited the cathode process of the corrosion. The adsorption energy of dodecylamine on the metal surface was lower.
The adsorption of dodecylamine on the metal surface was not stable and an anode desorption phenomenon could be
observed. Hence, dodecylamine did not provide effective inhibition to the corrosion. While at pH 6.9, it had much
higher adsorption energy. Dodecylamine adsorbed on the metal surface tightly and formed the effective diffusion
barrier which inhibited both the cathode and anode processes effectively.
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The change of metal surface states with pH value of solutions
not only has influence on the corrosion behavior of the metal,
but also can effect significantly on the adsorption stability and
inhibition mechanism of inhibitors "?. The results of the statisti-
cal analysis by Hernandez er al.”™ have shown that pH value af-
ter the flow velocity was the most important factor that influ-

enced the corrosion rates of the steel in the conditions when
adding inhibitors. In the practical produced water of oil fields,
the alkaline ions HCO; can make up buffered solutions with the
dissolved CO, and hence made the aqueous solution in near neu-
tral environment. There are two distinct characteristics of the
aqueous solution containing CO, in near neutral environment:
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one is that the solution is rich in HCO; (pH> 6.8, 99% HCO;)¥;
the other is that FeCO; has large tendency to crystallize and
hence it can cause the dramatic change of the surface state.
Much work about the performance evaluation and inhibition
mechanism of inhibitors was carried out in CO,-saturated acidic
aqueous solution (pH 3.9 at room temperature™), and it was still
lack of systematic investigation about the adsorption behavior
and inhibition performance of inhibitors in near neutral environ-
ments. The selection and application of inhibitors are environ-
ment-dependent, that is the inhibitor which behaves well in
acidic environment might have no role in near neutral environ-
ment and vice versa. No doubt that the investigation of inhibi-
tion behavior in near neutral environments will contribute to the
understanding of the inhibition mechanism of inhibitors in near
neutral environments and hence might give guidance to the ef-
fective selection and successful design of new inhibitors in near
neutral environment.

The nitrogen-containing inhibitors, especially the imidazo-
line-based inhibitors, have been widely used in oil fields to pre-
vent carbon dioxide corrosion. Although much study has done
as to the inhibition mechanism, no consistent conclusion was
made up to date. The complexity of the components of the com-
mercial inhibitors and the increase of the hydrolyzation trend of
imidazoline with pH increase do no favor to the investigation of
the inhibition mechanism. Hence, dodecylamine with the simple
molecule structure was considered as the model inhibitor in this
study. The electrochemical and surface analysis methods were
adopted to investigate the adsorption behavior and inhibition
mechanism of dodecylamine at different pH values, and further
to probe the influence of pH value on the inhibition performance
of dodecylamine on N8O steel.

1 Experimental
1.1 Test conditions and materials

All the electrochemical experiments were carried out using a
three-electrode cell of 500 mL with a condenser on the top of the
bubbling tube to keep the solution concentration stable in the
test temperature. The auxiliary electrode was platinum foil. A
saturated calomel electrode (SCE) was used as the reference. The
chemical compositions of N80 steel as the working electrode are
shown in Table 1. The electrode was embedded in the epoxy
resin (exposed surface area 0.785 cm?) mechanically polished with
1807, 3207, 6007, 10007, and 12007 rinsed with the distilled water
and degreased with acetone.

Test solution was prepared using the distilled water, and ana-
lytical grade reagents: sodium chloride and sodium bicarbonate.
The sodium bicarbonate was used to adjust pH value of the solu-
tion. The dodecylamine used in this experiment was provided by

Table 1 Chemical compositions of N80 steel

w(C) (%) w(Si) (%)  wMn) (%)  w(P) (%) w(S) (%)

0.38-0.45 0.15-035 1.55-1.85  <0.025 <0.025

w(Cr) (%) w(Ni) (%) w(Cu) (%) w(Mo) (%)  w(Fe) (%)
<0.20 <0.20 <020  0.15-0.25 bal.

Arcos Organics, USA. The solution was saturated by CO, up to
6 h before the electrochemical measurements to keep pH value
stable. The test temperature was controlled thermodynamically at
(50.0+1.0) C.
1.2 Electrochemical measurements

The potentiodynamic polarization was carried out using the
Corrtest system and the scanning rate was 0.5 mV *s™ starting
from —150 mV to +150 mV (vs open circuit potential, £,). The
electrochemical impedance spectroscopy (EIS) was carried out
using IM6e system. The working electrode was stabilized in
CO,-saturated 3% (w) NaCl solution for about 1 h at the open cir-
cuit potential (E,.), the cathode polarization potential (=50 mV vs
E,)) and the anode polarization potential (+50 mV (vs E,)), re-
spectively. Zview software was used to fit the experimental
impedance data according to the chosen equivalent circuit.
1.3 Surface analysis

The specimens were immersed in CO,-saturated 3% NaCl so-
lution without or with dodecylamine for 24 h. After the immer-
sion, the specimens were rinsed by the deoxygenated water to
remove the impurities adsorbed on the metal surface and then
were stored in the desiccator impregnated with N, Scanning
electron microscopy (SEM, QUANTA 200, FEI) was used to ob-
tain the information about the morphology characteristics of the
metal surface in the absence or presence of dodecylamine.

2 Results and discussion
2.1 Potentiodynamic polarization
Fig.1 shows the potentiodynamic polarization curves of N80
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Fig.1 Polarization curves of N80 electrode in COsaturated
3% NaCl solution without or with dodecylamine
(a) pH=4.9; (b) pH=6.9



No.2 LU Zhao-Ling et al. : Effect of pH Value on the Adsorption Behavior and Inhibition Mechanism of Dodecylamine ~ 245

Table 2 Parameters for N80 electrode in CO»-saturated 3%
NaCl solution without and with dodecylamine

c(dodecylamine) Eeon b, b. feorr
pH m S (%)
(mmol-L™) mV mV mV  (pA-cm?)
4.9 0.00 -697 56 306 141 -
0.65 -627 27 489 69 51.2
6.9 0.00 -716 104 219 74 -
0.43 -699 134 223 2.1 97.2

E,, is the corrosion potential of N80 steel; b, and b, are the Tafel slopes of
anode and cathode, respectively; i.. is the fitted corrosion current density of

N80 steel; 1 is the inhibition efficiency of dodecylamine on N80 steel.

electrode in CO,-saturated 3% NaCl solution at pH 4.9 and 6.9
without or with dodecylamine. The electrochemical parameters
and the corrosion rate fitted with the method of three parameters
in the weak polarization region are presented in Table 2. E,, is
the fitted corrosion potential of N80 steel; b, and b, are the ca-
thodic and anodic apparent Tafel slopes, respectively; ., is the
corrosion current density. The inhibition efficiency (1) of dode-
cylamine on N80 steel was calculated by the following equation:

M=~ conl icor)X100% )]
where, i, stands for the corrosion rate without dodecylamine
and i’ stands for the corrosion rate with dodecylamine.

From the polarization curves (Fig.1), it is observed that the in-
hibition performance of dodecylamine on N80 steel is dependent
on pH value and the inhibition efficiency increases with the in-
crease of pH value. At pH 4.9, it was easy to desorb completely
for dodecylamine. The fitted data show that the addition of do-

decylamine reduces the apparent Tafel slope of the anode branch
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and enlarged the apparent Tafel slope of the cathode one. At pH
6.9, the addition of dodecylamine increases the apparent Tafel
slopes of both anode and cathode branches. Hence, according to
the polarization curves, it was deduced that dodecylamine main-
ly increased the resistance of the cathode process at pH 4.9.
While it both increased the resistances of the anode and cathode
processes and hence inhibited the anode and cathode processes
at pH 6.9.
2.2 Influence of pH value on the cathode and anode
processes of N80 steel corrosion

The EIS plots of N80 electrode at pH 4.9 and 6.9 in CO,-satu-
rated 3% NaCl solution at E,, =50 mV (vs E,), and +50 mV (vs E,),
are shown in Figs.2(a—d). It is observed that the characteristics of
the EIS plots at the open circuit potential and the anode polariza-
tion potential at pH 4.9 (Figs.2(a,b)) are the same, while the char-
acteristics of the EIS plots at the cathode polarization potential
are different. The characteristics of the EIS plots at cathode po-
larization potential appeared one large and depressed capacitive
loop. The broadened and slight asymmetry in the Bode plot was
indicative of a second time constant!®”, The capacitive loop in
the high frequency was associated with the charge transfer pro-
cess while the capacitive loop in the low frequency might be re-
lated to the adsorption and diffusion processes of H,CO;, H", and
HCO; which were involved in the cathode reaction®®. The con-
stant phase element (CPE) with frequency dispersion behavior™
was used at pH 4.9 and 6.9. The corresponding equivalent cir-
cuit is described in Fig.3(a). As to the characteristics of the EIS
plots at the anode polarization potential, one depressed inductive
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Fig.2 EIS plots of N80 electrode in CO,-saturated 3% NaCl solution without dodecylamine at different pH values
(a, b) pH=4.9; (c, d) pH=6.9



246 Acta Phys. -Chim. Sin., 2008

Vol.24

Fig.3 Equivalent circuits used to represent the
electrochemical process on N80 electrode in COsaturated
3% NaCl solution without dodecylamine
R, is the solution resistance; R, and CPEI are the film resistance and capaci-
tance, respectively; R, and Cy are the charge transfer resistance and the double-
layer capacitance , respectively; R and L, are the resistance and the inductance
related to the adsorption and desorption of the intermediates on

the metal surface, respectively.

loop appeared in the middle frequency besides two capacitive
loops in the high and low frequencies. The corresponding equiv-
alent circuit is described in Fig.3 (b). The EIS plots at the open
circuit potential are the coupling of the cathode and anode pro-
cesses and in this case it mainly reflectes the characteristics of
the anode process. The equivalent circuit of Fig. 3(b) is adopted to
describe the electrochemical behavior at the open circuit poten-
tial.

At pH 6.9, the characteristics of the EIS plots at the open cir-
cuit potential and the anode polarization potential were the
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Table 3 Fitted parameters for N80 electrode at
different pH values in CO,-saturated 3% NaCl
solution without dodecylamine

pH E/mV (vs E) R./Q Cy-T(pF-cm™) Cy-P
4.9 =50 745 556 0.74
0 140 392 0.89

+50 32 257 0.95

6.9 =50 406 797 0.68
0 235 503 0.76

+50 100 347 0.81

CqT and Cy4-P are the capacitance and dispersion expotent, respectively.

same, while the characteristics of the EIS plots at the cathode
polarization potential were different. Comparing to the EIS plots
at pH 4.9, the characteristics of the EIS plots of the cathode and
anode processes were obviously different and all appeared as
two capacitive loops, and the inductive one appeared in the EIS
plots at the anode polarization potential. The main fitted param-
eters are listed in Table 3.

It can be observed from the fitted results that R, at the open
circuit potential increased near one time with the increase of pH
value which might be related with the protective corrosion prod-
uct film formed on the metal surface. It was observed from the
electrochemical plots in the uninhibited solution that the capaci-
tive loop became flat at pH 6.9 which was explained by Mans-
feld er al.'") as the formation of the unhomogenous 3-D film
on the metal surface. It was observed from the fitted results at
cathode and anode polarization potentials that R, of the cathode
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Fig.4 EIS plots of N80 electrode in CO,saturated 3% NaCl solution with dodecylamine
(a, b) pH=4.9, 0.65 mmol- L™ dodecylamine; (c, d) pH=6.9, 0.43 mmol-L™" dodecylamine
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| R 4
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Fig.5 Equivalent circuits used to fit the EIS plot of N80
electrode in CO,saturated 3% NaCl solution with

dodecylamine at pH 6.9

Wi is the diffusion impedance related to the diffusion layer on the metal surface.
process reduced with the increase of pH value, while the corre-
sponding R, at the anode process increased with the increase of
pH value.

The EIS plots of N80 electrode at pH 4.9 in CO,-saturated 3%
NaCl solution at the open circuit and polarization potentials with
0.65 mmol L™ dodecylamine are shown in Figs.4 (a, b). The
characteristics of the relative EIS plots at the anode polarization
potential were totally consistent with those in the absence of do-
decylamine. Obvious inductive element in the EIS plot at the
open circuit and polarization potentials indicated that the in-
hibitor was inclined to desorb. The EIS plot at the cathode polar-
ization potential was one capacitive loop and the broadened and
slight asymmetry in the corresponding Bode plot indicated the
existence of two time constants. One distorted diffusion-like
impedance appeared in the low frequency. The EIS plots of N80
electrode at pH 6.9 in CO,-saturated 3% NaCl solution at the
open circuit and polarization potentials with 0.43 mmol L™ do-
decylamine are shown in Fig.4s(c, d). In the presence of dode-
cylamine, there was an obvious change in the EIS plots and all
had the characteristics of diffusion impedance.

The equivalent circuit of Fig.5 is used to describe the corro-
sion process on the electrode surface. The element in the high
frequency (CPE1//R)) was related to the adsorption film formed on
the metal surface, the one in the middle frequency (Cy//R,) was re-
lated to the charge transfer process and the diffusion impedance
element (W,) was related to the diffusion layer on the metal sur-
face. The main electrochemical parameters are listed in Table 4.

It was observed from the fitted results that R, of the cathode
and anode processes increased near 2 -3 times compared to
those without dodecylamine. Besides, the very low double-layer
capacitance and the film capacitance values also indicated that

250 .
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Table 4 Fitted parameters of the impedance plots in
COssaturated 3% NaCl solution at various pH
values with dodecylamine
E/mV Cy-T CPE1-T

P Ey R/Q e CaP RIQ F-om® CPEI-P f orf.
49 -50 1383 641 060 - - - 053
0 329 463 072 - - - -

+50 18 255 088 - - - 167

69 -50 1314 20 088 429 0.68 099 031
0 1092 22 088 405 0.72 099 -

+50 481 22 088 256 0.71 099 021

CPEI-T and CPEI-P are the capacitance and dispersion expotent, respectively;
f,and f; are the effect coefficients to the anode and cathode of N80 steel.

water molecules at the electrode interface were largely replaced
by organic inhibitor molecules. Due to the low dielectric con-
stant of the inhibitor, the capacitance value was reduced dramat-
ically!". Dodecylamine adsorbed on the metal surface tightly and
formed the dense diffusion barrier and hence reduced the corro-
sion processes effectively.

According to the definition of the effect coefficient of the in-
hibitor to the anode and cathode processes by Cao!?, R, which is
inverse ratio to the corrosion rate, is used to calculate the effect
coefficient of dodecylamine at pH 4.9 and 6.9 in the presence of
dodecylamine and the obtained results are shown in Table 4. It
was observed that the effect coefficient to the cathode (f.) was
smaller than that to the anode (f,) at pH 4.9, and f, and f, were
comparatively close at pH 6.9. It was deduced that dodecy-
lamine mainly inhibited the cathode process of the corrosion at
pH 4.9 and it inhibited the anode and cathode processes at pH
6.9.

2.3 Influence of pH value on the adsorption energy of
dodecylamine

The coverage degree (6) of the inhibitor on the metal surface is a
very important parameter for the investigation of the adsorption
behavior. If the inhibition efficiency () is instead of "%, § can be
calculated according to Formula (2):

0=1-R/R, 2)
where, R stands for the charge transfer resistance without dode-
cylamine and R, stands for the charge transfer resistance with do-
decylamine. R, was obtained according to the EIS plots at differ-
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Fig.6 EIS spectra of N80 electrode in CO,saturated 3% NaCl solution at different concentrations of dodecylamine
(a) pH=4.9; (b) pH=6.9
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Table 5 Rand surface coverage () of N80 electrode in

COsaturated 3% NaCl solution with different
concentrations of dodecylamine

c/(mmol L™ R/Q 0 R/Q 0
pH=4.9 pH=6.9

0.00 137 - 231 -
0.11 - - 477 0.516
0.22 230 0.404 787 0.706
0.32 - - 2711 0.914
043 290 0.528 2540 0.909
0.65 390 0.649 - -
0.76 411 0.667 - -

ent concentrations of dodecylamine (seen in Fig.6, the frequency

range was 10 kHz—1 Hz because the aim of EIS measurement
was to obtain R)). The equivalent circuit of Fig.3(a) is used to ob-
tain R, and the results are listed in Table 5. The results of the
measured and the fitted are seen in Fig.7.

It was assumed that the adsorption of dodecylamine on N8O
steel obeyed Freundlich isotherm. The relation of 6—c is seen in
Formula (3):

1gb=1gK +nlgc 3)
where K, is the adsorption equilibrium constant, n is the correc-
tion coefficient and c is the concentration of dodecylamine. The
thermodynamic property of the adsorption energy:

AG,=—RTInK, 4)
where R is the gas constant (8.314 J-mol™+K™) and T is the ab-
solute temperature (K). In combination with Formulas (3) and (4),
the adsorption energies of dodecylamine calculated at pH 4.9
and 6.9 were —6.9 and —12.1 kJ *mol™, respectively. It was ob-
served that the adsorption energy (AG,y) was negative at the both
pH values, which indicated that the adsorption of dodecylamine
on N8O steel occurred spontaneously. The adsorption energy of
dodecylamine at pH 6.9 was higher than that at pH 4.9. In the
aqueous solution, the dissolution equilibrium of dodecylamine
existed as Formula (5):

C HxNH,+H'—C,,H,sNH; 5)
At pH 4.9, the concentration of H" in the solution was higher
and the equilibrium shifted to the right and the main form of do-
decylamine was the protonated. At pH 6.9, the concentration of
H' reduced. The dissolution equilibrium shifted to the left and
the main form of dodecylamine was the unprotonated. The abili-
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Fig.7 Fitted results of 1g0-1gc according to Freundlich
isotherm
(a) pH=4.9; (b) pH=6.9; r is the correlation coefficient; SD is the standard

derivation.

ty of the inhibitor to provide the corrosion protection depends to

a large extent upon the interactions between the inhibitor and the

metal surface under the corrosion condition ™. The higher elec-

tron cloud density of the nitrogen atom of dodecylamine in the

molecule state compared to that in the protonated state made the

inhibitor have stronger coordination ability with “d” orbital of

the metal atom and hence had much larger adsorption ability

and stability at pH 6.9.
2.4 Influence of pH value on the metal surface
morphology

The surface morphologies of N8O steel exposed to CO,-satu-
rated 3% NaCl solution without or with dodecylamine are shown
in Fig.8 which revealed various corrosion features of the metal sur-
face. At pH 4.9, obvious uniform corrosion is observed (Fig.8(a)).

Fig.8 Surface morphologies of N80 steel after 24 h immersion in CO»saturated 3% NaCl solution
without or with dodecylamine
(a) pH=4.9, blank; (b) pH=6.9, blank; (c) pH=4.9, 0.65 mmol-L™" dodecylamine; (d) pH=6.9, 0.43 mmol-L™" dodecylamine
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At pH 6.9, complete corrosion product film composed mainly of
FeCO; is observed on the metal surface (Fig.8(b)).

In the presence of dodecylamine, the morphologies of the
metal surface changed obviously. At pH 4.9, many corrosion
products were still observed on the metal surface (Fig.8(c)) which
well corroborated that dodecylamine did not provide effective
inhibition. With the increase in pH value, the addition of dode-
cylamine basically inhibited the formation of the corrosion prod-
ucts. Not only were the large amounts of FeCOs-like corrosion
products not observed, but also the polished naked metal mor-
phology with the nicks was distinguished obviously (Fig.8(d)).
The difference of the morphology of the metal surface might be
ascribed to the effective adsorption of the inhibitor on the metal
surface which formed the hydrophobic barrier and hence re-
duced the corrosion rate of N80 steel.

3 Conclusions

(1) The inhibition performance of dodecylamine on N80 steel
was dependent on pH value and the inhibition efficiency in-
creased with the increase of pH value. At pH 4.9, the adsorption
energy of dodecylamine on the metal surface was lower, and the
desorption of the inhibitor was easy to occur. Hence, dodecy-
lamine did not inhibit effectively the corrosion process. At pH
6.9, the adsorption energy of dodecylamine was higher, and it
adsorbed on the metal surface tightly. The formation of the ef-
fective diffusion barrier provided excellent inhibition ability.

(2) At pH 4.9, dodecylamine mainly increased the resistance
of the cathode process and hence inhibited mainly the cathode
process of the corrosion. At pH 6.9, dodecylamine increased the
resistances of both cathode and anode processes and hence in-

hibited the cathode and anode processes of the corrosion.
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