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a b s t r a c t

Octadecylamine is an effective film-forming amine that protects carbon steel from corrosion. In the
present study, the effect of octadecylamine concentration on adsorption on a carbon steel surface was
investigated in anaerobic alkaline solution by using SEM/EDS, TEM and the Materials Studio simulation
techniques. TEM morphology observation and EDS elemental detection determine the thicknesses of
octadecylamine film on a carbon steel surface, which are confirmed by the in-situ electrochemical
impedance spectroscopy measurement and resistance calculation. The Materials Studio simulation re-
veals the number of octadecylamine film layers at different concentrations. Results obtained in this study
indicate that adsorption of octadecylamine film on carbon steel proceeds with the multi-layer adsorption
mechanism.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

Secondary circuit system of pressurized water reactor (PWR) is
mostlymade of carbon steel [1,2], which is prone to corrosion during
the outage. Film-forming amine (FFA) has proved to be an effective
corrosion inhibitor to protect carbon steel from corrosion at the
temperature below 50 �C [3e6]. Octadecylamine with 18 carbon
atoms in the alkyl chain is a commonly used FFA in nuclear power
plants. It has been proposed that octadecylamine plays an inhibitive
role by adsorption onto carbon steel surfaces [2]. Octadecylamine
consists of a hydrophilic amino group and a hydrophobic alkyl group.
The amino group has a high affinity for metal surfaces due to the
presence of a free electron pair on nitrogen atom and can be strongly
adsorbed onto carbon steel surface. Meanwhile, the alkyl group is
directed outwards to the carbon steel surface and forms a hydro-
phobic film [2,7e10]. It keeps water, chemical impurities and oxygen
away from the carbon steel surface. Although this mechanism intui-
tively interprets the adsorption process of octadecylamine on carbon
steel surface, a fewproblemsremainunsolved. Forexample, theeffect
by Elsevier Korea LLC. This is an
of octadecylamine concentration on adsorption is still under debate.
Turner et al. [1] proposed the mono-layer adsorption mecha-

nism of octadecylamine in 2013. It showed that the effectiveness of
octadecylamine didn't increase with concentration any further af-
ter the mono-layer film of several nanometers was formed [1].
However, Delaunay et al. [5] speculated that the octadecylamine
film was formed on carbon steel surfaces via the multi-layer
adsorption. The thickness of the multi-layer film was calculated
to be about 250 nmwhen the octadecylamine concentrationwas at
1 mg/L, and its effectiveness was continuously enhanced by
increasing the concentration. Different results have been
announced in Turner and Delaunay's studies [1,5], although the
octadecylamine concentration, treatment duration, substrate na-
ture, temperature and pH in both studies were control similar to
the PWR secondary operation condition. The concentration was
approximately 1 mg/L, the treatment duration was more than one
week, the substrate nature was pre-oxidized loop surface, the
temperature was near to 200 �C and pH25�C was near to 9.5.
Therefore, further studies are necessary to explore the reasons for
the discrepancy in similar test conditions. It can be seen that the
film thicknesses in both studies have not been confirmed by
experimental measurement when the determination of organic
ultra-thin film thickness remains quite challenging. Developing a
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method to accurately determine the thickness of octadecylamine
film is key in this study.

A few techniques are currently available for measurement of the
film thickness at a nanometric scale. Atomic force microscopy
(AFM) can be used to determine nano metric film thickness but the
measurements are strongly sensitive to the substrate roughness
[11,12]. X-ray photoelectron spectroscopy (XPS) and auger electron
spectroscopy (AES) are powerful ex-situ techniques for measure-
ment of thickness at a nanometric scale [13]. Ge et al. [14] detected
a 120 nm thick octadecylamine film on a carbon steel surface by
using AES. The octadecylamine concentration was 25 mg/L, treat-
ment duration was 1 h, substrate nature was freshly polished,
temperature was 220 �C and pH25�C value was 9.0e9.5. Baux et al.
[15] measured the film thickness of octadecylamine film as
2e10 nm by using XPS. The octadecylamine concentration was
100 mg/L, treatment duration was half an hour, substrate nature
was freshly polished, temperature was 80 �C and pH25�C value was
10. The thickness discrepancy between Ge and Baux's studies is
approximately two orders of magnitude. It should not be resulted
from the little differences of pH and treatment duration. Concern-
ing the effect of concentration, 100 mg/L octadecylamine solution
in Baux's study should be beneficial to the film formation instead of
an inhibition effect as indicated in the thickness characterization.
Concerning the effect of temperature, high temperature [14] might
be an advantage for film forming, but it is only indicated by elec-
trochemical impedance data without any thickness evidence. In
summary, the bias of ion sputtering in addition to water chemistry
and material factors cannot be excluded. The material-specific
erosion rate must be known to accurately determine the thick-
ness [16e18].

In recent years, the focused ion beam (FIB) and transmission
electron microscope (TEM) have been widely used for character-
ization of nanometric scale films [19e25] Therefore, the film
thickness information could be potentially determined from high
resolution pictures and accurate elemental distribution graphics.
Meanwhile, in-situ electrochemical impedance spectroscopy (EIS)
can be used to confirm the ex-situ testing results [15,26e28].

The aim of present work is to investigate the effect of octade-
cylamine concentration on adsorption on carbon steel surfaces in
an anaerobic alkaline solution at 40 �C. First, the octadecylamine
film formed on the carbon steel sample was characterized by using
scanning electron microscope (SEM) observation, and energy
dispersive X-ray spectroscopy (EDS) detection. Then, nanometer
scale cross-sectional samples of the octadecylamine film were ob-
tained at representative positions by using FIB, followed by deter-
mining the film thicknesses using TEM observation and EDS line
distribution, which are confirmed by using in-situ EIS technique.
Finally, the effect of octadecylamine concentrationwas investigated
by calculating the number of film layers.
Table 2
2. Experimental

2.1. Materials

A515-60 carbon steel was used in this study and is composed of
C, Si, Mn, S, P, Ni, Cr, Mo, and Fe as listed in Table 1. The samples of
size 10 mm � 10 mm � 1 mm were cut from the steel sheet. They
were then mechanically ground with silicon carbide paper up to
Table 1
Composition of A515-60 carbon steel (wt. %).

Element C Si Mn S P Ni Cr Mo Fe

Content 0.056 0.130 0.420 0.005 0.013 0.005 0.014 0.003 Bal.
2000 grit, washed with absolute ethyl alcohol and dried by cold air
blower. The experimental solutions at different octadecylamine
concentrations were formulated with ODACON, which is mainly
composed of water, octadecylamine, Span 80, and Tween 80 as
listed in Table 2. Ammonium hydroxide was added to the experi-
mental solution to adjust pH25�C to around 9.7.

2.2. Immersion tests

Immersion tests were carried out in the static kettle with 0, 1, 5,
10, 20, 50 mg/L octadecylamine solutions at 40 �C for 12 h. The test
with 0 mg/L octadecylamine was made as control test. The material
of the kettle was 316 L stainless steel, and the volume of the kettle
was 2 L. Test solution was added to the kettle up to 1.8 L in case of
the presence of excessive gaseous sky inwhich part of the ammonia
and octadecylamine could pass. During formation of the film, the
solution was continuously deaerated by bubbling with 99.999%
high purity nitrogen to ensure the oxygen content was less than
10 mg/L. Flow rate was controlled below 10 mL/min in case of the
presence of agitation. The above experimental conditions were
used to simulate the service environment of a condenser drain pipe
surface during operation. Octadecylamine concentration in the test
solution was measured at the start of the test and at the end of the
test. The initial concentration of 1 mg/L and 5 mg/L decreased to
0.14 mg/L and 0.41 mg/L respectively which indicated that the
octadecylamine was nearly depleted during immersion test. It was
used to simulate the conditions with one-time octadecylamine
addition.

2.3. SEM/EDS tests

Surface morphologies of films formed in the solutions with
different octadecylamine concentrations were characterized by
using SEM (FEI XL30 field emission gun). The chemical composi-
tions were detected by using EDS (Octane SDD).

2.4. TEM/EDS tests

The films used for TEM/EDS characterization were protected by
platinum deposition and carbon deposition successively to avoid
ion beam damage during sample preparation. The cross-sectional
samples of octadecylamine films were obtained at representative
positions by using FIB (FEI Helios NanoLab 600i). The micro mor-
phologies were observed by using TEM (JEOL 2100) bright field
image, and element distribution in the octadecylamine film was
detected by using EDS(Octane SDD).

2.5. Electrochemical tests

Electrochemical tests were carried out in a three-electrode
system. A carbon steel sample was used as working electrode and
was welded to copper wire, encapsulated with epoxy resin, and
polished. A saturated calomel electrode and platinum sheet were
used as the reference electrode and the counter electrode, respec-
tively. The three-electrode system was immersed in 0, 1, 5, 10, 20,
50 mg/L octadecylamine solutions for 12 h, which were
Composition of ODACON (wt. %).

Component Chemical formula Content

Octadecylamine C18H39N 0.3e0.7
Span 80 C24H46O6 0.02e0.05
Tween80 C24H44O6 0.08e0.15
Water H2O 99.0e99.5



Table 3
Elemental compositions of local areas on carbon steel samples immersed in 0, 1, 5,
10, 20, 50 mg/L octadecylamine solutions at 40 �C for 12 h

Contents (mg/L) Position C (wt. %) N (wt. %) O (wt. %) Fe (wt. %)

0 Light color 5.51 2.56 2.16 89.77

1 Deep color 5.77 2.44 2.04 89.75
Light color 5.23 2.63 1.93 90.21

5 Deep color 8.10 2.95 1.79 87.17
Light color 4.83 3.29 2.16 89.72

10 Deep color 7.66 3.39 2.23 86.73
Light color 6.16 3.04 1.85 88.95

20 Deep color 7.05 2.70 2.17 88.09
Light color 6.78 3.74 2.17 87.31

50 Deep color 6.24 2.87 2.45 88.43
Light color 5.23 2.62 2.02 90.13
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continuously deaerated by bubbling with 99.999% high purity ni-
trogen to ensure the oxygen content was less than 10 mg/L. In
addition, 150 mg/L Na2SO4 was added to each solution to increase
conductivity for improving electrochemical test signals. After that,
EIS was measured by Gamry Reference 600þ workstation with
alternating voltage disturbances of around 20 mV and alternating
frequencies ranging from 500 Hz to 0.01 Hz. Tests for each octa-
decylamine concentrationwas triplicated for repeatability. The data
were fitted with ZSimpWin software.

3. Results

3.1. Surface morphologies

Fig. 1 presents the SEM surface morphologies of carbon steel
samples immersed in 0, 1, 5, 10, 20, 50 mg/L octadecylamine solu-
tions, respectively. It can be seen that the deep color attachments
covered on carbon steel surface increase with increasing octade-
cylamine concentration. Distribution of the attachments is het-
erogeneous when the concentration of octadecylamine is below
20mg/L and it becomes respectively homogeneous until 50mg/L as
shown in Fig. 1f.

3.2. Surface composition

Table 3 lists the chemical composition on carbon steel surface,
showing that the composition is not dependent on the concentra-
tion of octadecylamine. Furthermore, there are no obvious differ-
ences between the deep color attachments and the light color
matrix in consideration of N, O, and Fe contents.

3.3. Cross-Sectional Morphologies

Cross-sectional samples were cut from the deep color areas in
Fig. 1bef, and control sample was cut from the center of Fig. 1a
without octadecylamine. One of the macro morphologies of these
samples is presented in the upper right corner of Fig. 2a. It is
composed of carbon deposition, platinum deposition, organic film,
and carbon steel matrix from top to bottom. Fig. 2aef presents the
micro TEM morphologies of the cross-sectional samples cut from
Fig. 1aef, respectively. Strip-like substances with light color are
observed at the interface of carbon steel matrix and platinum
Fig. 1. Sem surface morphologies of carbon steel samples immersed in (a) 0, (b)
deposition in Fig. 2a, b, 2c, and 2e, while few substances are found
in Fig. 2d and f.
3.4. Cross-sectional elemental distribution

Elemental composition and distribution were measured along
the arrows from the carbon steel matrix to platinum deposition
with lengths of 190, 239, 198, 209, 161, 209 nm as shown in
Fig. 2aef, respectively. Fig. 3 presents the elemental distributions at
the interface of the carbon steel matrix and platinum deposition
with organic film formed in 0, 1, 5, 10, 20, 50 mg/L octadecylamine
solutions at 40 �C for 12 h. It can be seen that the interface is mainly
composed of C, N, O, and Fe. Concerning the signal of Pt deposition
is really high and it impacts the signal display of other elements. Pt
content which is not necessary for the octadecylamine detection
has not been displayed in Fig. 3, and the contents of other elements
are normalized to 1.

As shown in Fig. 3aef, Fe content is more than 90 wt %, and the
sum of C, N, and O contents is nearly 10 wt % on the matrix side. Fe
content gradually decreases to nearly 20 wt %, and C content in-
creases to more than 80 wt % when the testing position moves
towards the platinum deposition side. However, N content peaks at
around 10 wt % and O content peaks at around 20 wt % at the
boundaries of carbon steel matrix and platinum deposition as
1, (c) 5, (d) 10, (e) 20, (f) 50 mg/L octadecylamine solution at 40 �C for 12 h



Fig. 2. Cross-sectional morphologies at the interface of carbon steel matrix and platinum deposition with organic film formed in (a) 0, (b) 1, (c) 5, (d) 10, (e) 20, (f) 50 mg/L
octadecylamine solutions at 40 �C for 12 h

Fig. 3. Elemental distributions at the interface of carbon steel matrix and platinum deposition with organic film formed in (a) 0, (b) 1, (c) 5, (d) 10, (e) 20, (f) 50 mg/L octadecylamine
solutions at 40 �C for 12 h
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shown in Fig. 3bef, and the peak widthsmarkedwith dash lines are
calculated to be 17, 18, 23, 32, 44 nm, respectively. It is worth noting
that N content is minimal along the whole test area in 0 mg/L
octadecylamine solution as shown in Fig. 3a, but O content peaks
around 10 wt % at the interface of carbon steel matrix and platinum
deposition with 27 nm peak width.
3.5. In-situ EIS characterization

Fig. 4 shows the EIS diagrams on the surfaces of carbon steel
with resistant films formed in 0, 1, 5, 10, 20, 50 mg/L octadecyl-
amine solutions at 40 �C for 12 h. The test results at the same
octadecylamine concentration have good repeatability except
20 mg/L. The Nyquist arc radius enlarges with increasing octade-
cylamine concentration in Fig. 4a, but the resistance value is not
precisely colligative along the octadecylamine concentration, e.g.,
the resistance value at 20 mg/L is larger than that at 50 mg/L.

Fig. 5 shows the electrical equivalent circuit (EEC) used to fit the
EIS diagrams with Chi-squares of less than 0.00005. It is composed
of a parallel combination of the double layer (Qdl & Rct) and



Fig. 4. Nyquist diagram (a) and Bode diagram (b) on the Surfaces of Carbon Steel with Resistant Films Formed in 0, 1, 5, 10, 20, 50 mg/L Octadecylamine Solutions at 40 �C for 12 h

Fig. 5. Equivalent Circuit Used to Fit the EIS diagram Detected on the Surface of Carbon
Steel with Resistant Film.
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resistant film (Qf & Rf). Table 4 lists the fitting parameters including
electrolyte resistance (Rs), capacitance coefficient of double layer
(Ydl), dispersion coefficient (nct), charge transfer resistance (Rct),
capacitance coefficient of resistant film (Yf), dispersion coefficient
(nf), and resistant film resistance (Rf). It can be seen that Rct, nf, Rf
increase and Yf decreases with increasing octadecylamine con-
centration, while Rs, Ydl, nct generally keep stable. However, Rct in
0mg/L octadecylamine solution is a little higher than that of 1 mg/L
and 5 mg/L octadecylamine solution.
4. Discussion

4.1. Octadecylamine film thickness determination

4.1.1. Ex-situ analysis of octadecylamine film thickness
Deep color attachments on the surfaces of carbon steel have

been observed as presented in Fig. 1, and the amount of the at-
tachments increases with increasing octadecylamine concentra-
tion. The elemental analysis results in Table 3 reveal that the
Table 4
Fitting parameters of EIS diagrams detected on the surface of carbon steel with resistant

Concentration (mg/L) Rs (U$cm2) Ydl (U�1$cm�2$s-n) � 104 nct

0 2019 ± 14 6.52 ± 0.56 0.77 ± 0.02
1 1915 ± 10 6.61 ± 0.51 0.80 ± 0.01
5 1938 ± 6 5.14 ± 0.36 0.78 ± 0.00
10 1821 ± 5 6.53 ± 0.66 0.78 ± 0.02
20 2038 ± 2 5.89 ± 0.58 0.81 ± 0.01
50 2008 ± 5 7.08 ± 0.19 0.78 ± 0.00
attachments are likely composed of octadecylamine (C18H39N). To
confirm the species of these attachments, SEM-EDS analysis has
been performed to track the representative N element of octade-
cylamine. This analysis does not show differences in composition
between the deep and light zones, but nevertheless reveals the
presence of atoms of C and N. Thus, there seems to be octadecyl-
amine in these two types of zones. The deep areas could reflect the
presence of clusters, e.g., micelles, as has been indicated in the
literature of Baux et al. [15]. The presence of clusters could be
favored by the solubility limit of octadecylamine in water at 40 �C
and the crystallization of octadecylamine molecules at this tem-
perature (melting point ¼ 50e52 �C).

Concerning that the spatial resolution of SEM-EDS is nearly 1 mm3

[29], which is much larger than the predicted thickness of nanoscale
organic film; a large number of EDS signals may mainly come from
the carbon steel matrix, and some of the signals from organic film
might have been attenuated. To obtain more accurate information of
nanoscale organicfilm, further detections on cross-sectional samples
were carried out by using TEM-EDS, in which spatial resolution is
about 0.06 nm3 [30]. N enrichment becomes obvious at the interface
of carbon steel matrix and platinum deposition with peak value
around 10 wt % as presented in Fig. 3bef. It means that octadecyl-
amine is included in the deep color attachments, thus confirming the
octadecylamine adsorption on carbon steel surface. Furthermore, the
peak width of N enrichment reveals that the thicknesses of octade-
cylamine films are 17, 18, 23, 32, 44 nm in 1, 5, 10, 20, 50 mg/L
octadecylamine solutions, respectively.

O enrichment is also shown in Fig. 3 with peak value around
10e30 wt %, which can be resulted from the formation of metallic
oxide and the adsorption of Span 80 and Tween 80. The peak width
of O enrichment is similar to that of N enrichment in Fig. 3bef, it
means that the processes of metallic oxide formation, O adsorption,
and N adsorption is synchronously operated. In another word, the
metallic oxide, O enrichment, and N enrichment are evenly
distributed in a whole film.

For the control test, no N enrichment is observed along the
whole test area. Therefore, the adsorption of ammonia has been
film formed in 0, 1, 5, 10, 20, 50 mg/L octadecylamine solution at 40 �C for 12 h

Rct (U$cm2) Yf (U�1$cm�2$s-n) � 104 nf Rf (U$cm2)

446 ± 86 4.37 ± 0.36 0.73 ± 0.02 8176 ± 201
161 ± 57 3.73 ± 0.36 0.61 ± 0.05 12420 ± 1438
239 ± 51 3.47 ± 0.37 0.72 ± 0.02 16933 ± 219
1389 ± 607 3.21 ± 0.60 0.76 ± 0.02 13813 ± 1172
1618 ± 650 1.41 ± 0.21 0.83 ± 0.04 15553 ± 1618
1535 ± 25 1.72 ± 0.07 0.94 ± 0.02 19963 ± 532



Fig. 6. Linear fitting of the thickness and resistance of octadecylamine film formed in
0, 1, 5, 10, 20, 50 mg/L octadecylamine solution at 40 �C for 12 h

C. Liu et al. / Nuclear Engineering and Technology 52 (2020) 2394e2401 2399
ruled out which has been used as pH control agent in this study.
However, O content peaks around 10 wt % at the interface of carbon
steel matrix and platinum deposition with 27 nm peak width. It
most likely comes from the formation of metallic oxide during the
immersion test when there is no other reasonable source of oxygen.
It is worth noting that all the TEM-EDS results are obtained from FIB
cross-sectional samples. The reliability of this technique is signifi-
cantly higher than XPS and AES sputtering when there is uneven
film damage [14,15].

4.1.2. In-situ analysis of octadecylamine film thickness
In-situ detection on the adsorption process has been performed

by EIS. The capacitance and resistance obtained from the EIS ex-
periments are used to calculate the thicknesses of octadecylamine
film [31e36]. Regarding the capacitance calculation method, the
key is to calculate the parameter of constant phase element (CPE)
which is used to simulate the non-ideal behaviour of the system
instead of capacitance. The CPE impedance is expressed in terms of
model parameters of Y and n as:

ZCPE ¼ 1/[Y(ju)n] Eq. (1)

where Y is the capacitance coefficient of CPE, n is dispersion coef-
ficient, u is the characteristic frequency of the alternating signal,
and j is a constant as j2 ¼ �1. CPEf represents the signal from film
obstruction. It follows that:

ZCPEf ¼ 1/[Yf(ju)nf] Eq. (2)

The Yf is approximately 3� 10�4 U�1 cm�2$s-n much larger than
that in Baux et al. [15] as 4.14 � 10�6 U�1 cm�2$s-n. It indicates that
the film formed in anaerobic condition in this study is different
from that formed in aerobic condition [15]. The resistant film
capacitance (Cf) is calculated by using the Brug formula [31e33]as
follows:

Cf¼Yf
1/nf(1/Rctþ1/Rf) (nf�1)/nf Eq. (3)

Once the resistant film capacitance (Cf) is known, the film
thickness (df) can be calculated from the relationship:

df ¼ εε0/Cf Eq. (4)

where ε is the permittivity of the film and ε0 is the permittivity of
vacuum. The permittivity value of the octadecylamine film formed
in aerobic solution (ε) is taken as 2.70 � 10�4F/m [15], and vacuum
permittivity (ε0) as 8.85 � 10�12 F/m [37]. The film thicknesses (df)
calculated by using Eq. (4) are 0.30, 0.05, 0.03, 0.04, 0.02 nm in 1, 5,
10, 20, 50 mg/L octadecylamine solutions, respectively. But the
resistant film thickness in 0 mg/L octadecylamine solution cannot
been calculated in this way when it is likely to be metallic oxide
film instead of organic film. These calculated values of df are
significantly deviated from the measured values. Furthermore, the
trend in variation of df is not consistent with that in variation of
measured thickness. It indicates that the capacitance calculation
method is not suitable for this study.

Alternatively, the TEM measured film thickness (df) and the EIS
detected film resistance (Rf) are linearly fitted at different octade-
cylamine concentrations. It is worth noting that the film resistance
of sample without octadecylamine has also been included in this
fitting. The values of df and Rf are linearly dependent except the
concentration at 5 mg/L as shown in Fig. 6. The fitting equation is
described as follows:

df ¼ 0.0038Rf-29.92 Eq. (5)
and the value of R square is about 0.96. The slope of
0.0038 nm U�1 cm�2 represents the reciprocal of electrical re-
sistivity, and the intercept of �29.92 nm represents the metallic
oxide film thickness which should be subtracted from the total film
thickness. The effect of the adsorption of Span 80 and Tween 80
would be included in the electrical resistivity of film, and it would
not influence the determination of thickness. In summary, the in-
situ prediction of octadecylamine film thickness can be executed
by using the fitting equation mentioned above before TEM
measurements.
4.2. Effect of concentration on octadecylamine adsorption
mechanism

Octadecylamine adsorption mechanism is currently still under
debate. The mono-layer adsorption mechanism [1,10] would show
that the effectiveness of octadecylamine doesn't increase with
increasing concentration any further after the formation of several
nanometer thick mono-layer film, while multi-layer adsorption
mechanism [5,7] would show that the adsorption effectiveness is
continuously enhanced by increasing concentration of octadecyl-
amine. The TEM-EDS test results in this study indicate the film
thickness continuously increases with increasing concentration
from 1 mg/L to 50 mg/L. Therefore, the results in present study
preliminarily support the multi-layer adsorption mechanism, but
the number of octadecylamine film layers has not been determined.

The adsorption mechanism [2] believes that when injected to
the steam cycle system, octadecylamine is adsorbed onto the car-
bon steel surface by bonding the N atom in the amino group to Fe,
leaving the alkyl group directed outwards, which acts as a hydro-
phobic barrier against corrosive substances such as oxygen etc.
contacting basemetal. The repulsive ionic interaction force and Van
der Waals' force between the carbon chains can keep the octade-
cylamine molecules in sequence within one layer, maintaining an
electronic balance. In addition, Delaunay [5] indicates that the
redundant octadecylamine can continuously adsorb onto the sur-
face of the first layer, and the electronic balance between ionic
interaction force and Van derWaals' force confines them in another
layer until the octadecylamine is exhausted. Based on the mecha-
nism mentioned above, the number of layers can be determined by
using the following relationship:

N ¼ df/L Eq. (6)



Fig. 7. Octadecylamine configurations with different potential energies.

Fig. 8. Pictures of configuration with lowest potential energy being vertical to Loc (a), Loa (b), Lob (c), and schematic diagrams of the corresponding adsorption process.

C. Liu et al. / Nuclear Engineering and Technology 52 (2020) 2394e24012400
where N is the number of octadecylamine film layers, df is the film
thickness, and L is the thickness of one single layer. As thickness of
octadecylamine film has been determined by using TEM and EIS
methods in this study; if thickness of a single layer could be
determined, the number of the layers would be calculated using Eq.
(6). However, the orientation of octadecylamine molecule in each
layer might be different, depending on adsorption angles. 3D di-
mensions of the octadecylamine molecule can be set as thickness
boundaries of a single layer film.

A simulation software, Materials Studio, was used in this study
to establish the configuration of octadecylamine molecule. One
octadecylamine molecule is drawn by brush tool, followed by
optimizing the configuration to determine the minimum energy by
using Forcite plus module. Geometry optimization is conducted
under no constraint by using smart algorithm [38]. Anneal is done
by using a self-compiled program [39] with initial temperature at
500 K and end temperature at 313 K. COMPASSIIforce field, Ewald
summation method, and NVT ensemble [40,41] are used for
calculating the electrostatic force and Van derWaals' force between
the atoms. Six configurations are presented in Fig. 7aef with total
potential energies of�57.648,�57.204,�56.576,�56.574,�54.432,
�52.880 kcal/mol, respectively. Obviously, the configuration in
Fig. 7a has the lowest total potential energy.

Fig. 8aec shows the 3D dimensions of the selected configuration
being vertical to Loc, Loa, and Lob. The lengths of Loa, Lob, Loc set as
thickness boundaries of the single layer film are 2.38, 0.67, 0.35 nm,
respectively. Fig. 8def shows the schematic diagrams of the octa-
decylamine adsorption processes along Loa, Lob, Loc respectively. The
calculation assumes that there is no overlap between the octade-
cylamine layers, in another word, the octadecylamine layers are
arranged one by one. As a result, the layer number is 7, 8, 10, 13, 18
in 1, 5, 10, 20, 50 mg/L octadecylamine solution when the thickness
of the single layer is 2.38 nm. Similarly, the layer number is 25, 27,
34, 48, 66 corresponding to the single layer thickness of 0.67 nm,
and 49, 51, 66, 91, 126 corresponding to the single layer thickness of
0.35 nm. These calculations show that the number of adsorption
layers increases with increasing the octadecylamine concentration
from 1 mg/kg to 50 mg/kg. Therefore, octadecylamine can be
adsorbed onto carbon steel surfaces with multi-layers. Further
calculation of the potential energies of the adsorption interface was
performed by using sorption module. Octadecylamine attends to
adsorb on the steel surface along Loc as shown in Fig. 8f. The most
likely layer number is 49, 51, 66, 91, 126 in 1, 5, 10, 20, 50 mg/L
octadecylamine solution.
5. Conclusions

The effect of octadecylamine concentration on adsorption on
carbon steel surfaces in anaerobic alkaline solution at 40 �C has
been investigated in this study by using ex-situ SEM/EDS, TEM, in-
situ EIS, and Materials Studio simulation techniques. The conclu-
sions are drawn below:

1) The SEM/EDS experiments show that the amount of octadecyl-
amine film adsorbed on the carbon steel surface increases with
octadecylamine concentration.

2) Thicknesses of octadecylamine film formed on carbon steel are
quantitatively determined by using TEM and EIS methods, and
linearly increase with octadecylamine concentration.

3) The number of octadecylamine film layers is calculated by using
the Materials Studio simulation, and increases with octadecyl-
amine concentration.



C. Liu et al. / Nuclear Engineering and Technology 52 (2020) 2394e2401 2401
4) All the results obtained in the present study point out that
octadecylamine film is formed on a carbon steel surface by the
multi-layer adsorption mechanism.
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