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ABSTRACT

In the oil and gas industry, carbon steel is widely used in the construction of infrastructure, such as
pipelines and tanks, for the transmission and storage of crude oil as well as petroleum products. This is
due to its excellent mechanical properties, ease to work with, and low cost. However, it is vulnerable to
corrosion. lonic surfactant type of corrosion inhibitors have been widely applied against pipeline corrosion
due to their high mitigation efficiency at low applied concentrations. Corrosion inhibition efficiency is
closely related to the inhibitor adsorption mechanism. However, past corrosion inhibition research has
generally focused on the electrochemical mechanisms of inhibition processes and associated corrosion
rate reductions. In this current work, in situ tapping mode AFM phase imaging and contact mode AFM
nano-scratching techniques have been applied to investigate the influence of different
tetradecylbenzyldimethylammonium (BDA-C14) concentrations on inhibitor adsorption morphology and
inhibition mechanisms. Analysis of tapping mode topography and phase images on mica show that
multiple small holes/defects were present in the uniform inhibitor film at 50 and 100 ppm, which are above
the surface saturation concentration. While at 25 ppm (below the surface saturation concentration), a
non-uniform inhibitor film with different sizes of holes was detected. At 5 ppm, discontinuous inhibitor
aggregates were observed. The contact mode AFM scratching technique was used to obtain the inhibitor
film thickness at each concentration, which was consistent with the corresponding depth of holes
measured by tapping mode topography. The molecular orientations and inhibitor film structures at each
concentration are postulated based on the measured inhibitor film thickness. Observed adsorption
morphologies on mica are connected with the corrosion inhibition behavior observed on UNS G1018
steel at each concentration.

Keywords: Contact mode AFM, nano-scratching, tapping mode AFM, mica, carbon steel, corrosion
inhibitor
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INTRODUCTION

In hydrocarbon production systems, mild steel is overwhelmingly used for the construction of pipelines
and tanks for the transmission and storage of crude oil, natural gas, and derived petroleum products.
Although mild steel has excellent mechanical properties and low cost, it is susceptible to corrosion attack
in typical service environments. Inhibition of internal corrosion is essential for assuring asset integrity of
oil and gas transportation pipelines. Corrosion inhibitors are chemical compounds that can significantly,
and economically, mitigate corrosion when added continuously in small concentrations.

The adsorption behavior is crucial for the performance of organic inhibitor. The adsorption of organic
compounds can be classified as chemical adsorption or physical adsorption. Chemical adsorption forms
covalent bonding between the adsorbate and the substrate surface, while physical adsorption depends
on the intermolecular interactions between the adsorbate and the substrate surface. The adsorption of
surfactants to a metal surface usually belongs to the physical adsorption category, and the intermolecular
interactions mainly include electrostatic interactions, dipole-dipole interactions, and dispersion
interactions.” 2 The driving forces for organic inhibitor adsorption on a metal surface are usually
understood to be made up of both electrostatic interactions and hydrophobic interactions.® The active
components in organic corrosion inhibitors are organic surfactants which are amphiphilic molecules with
a polar head group and a long hydrophobic tail. The hydrophilic polar head group physically adsorbs on
the surface due to electrostatic interactions. Molecular modelling has indicated that the initial
physiosorbed inhibitor molecules have random orientations on the substrate surface, either lying down
or being tilted. However, due to the hydrophobic interactions between non-polar tails, adsorbed
molecules will gradually stand up.* 5 After some time, the hydrophobic tails will be oriented perpendicular
to the surface and a self-assembled layer formed.®

Previous research on corrosion inhibitors mainly focuses on the steel-aqueous solution interfacial
electrochemical behavior and corrosion inhibition efficiency.®® However, the inhibitor adsorption behavior
and its influence on inhibition performance have rarely gained attention due to the limitation of traditional
electrochemical techniques in localized adsorption studies. Atomic force microscopy can be operated in
situ in liquid environments with a nanometer resolution, which is powerful enough for inhibitor adsorption
research. Although most AFM research has been performed with organic surfactant adsorption on
various substrates such as mica,® graphite, silica,'® and even gold,'" there are only a few AFM studies
dedicated to corrosion inhibitor research with mild steel. >4

In this present work, tetradecylbenzyldimethylammonium (BDA-C14) adsorption behavior on mica at
various concentrations was investigated by both contact mode and tapping mode AFM, and then the
corrosion behavior on mild steel with the same concentrations were analyzed by AFM. Conclusions were
drawn based on the consistent observations between adsorption and corrosion behavior.

EXPERIMENTAL PROCEDURE

Materials and Solutions

Both mica and steel substrates were used in this current work. Mica substrates were adopted for studying
inhibitor adsorption structures and measuring surface coverage considering its atomically flat surface.
The steel specimens were machined from UNS G10180 mild steel, and successively polished using 400,
600, 800, and 1200 grit silicon carbide abrasive papers followed by 9, 3, and 1 um diamond particle
loaded paste on a polishing cloth. The samples were then rinsed with ethanol and water and dried in air.

The specific amphiphilic inhibitor model compound used in this work has a polar head group,
benzyldimethylammonium, and a tetradecyl (-C1sH29) hydrophobic tail. Its molecular structure and
synthesis reaction are shown in Figure 1, and the detailed synthesis and characterization are described
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in a previous publication.”® The shortened name for this structure is BDA-C14, corresponding to
tetradecylbenzyldimethylammonium, used in the form of its bromide salt.

Figure 1: Molecular structure and synthesis reaction of tetradecylbenzyldimethylammonium
(BDA-C14)

In order to complete a systematic study, the inhibitor adsorption behavior on mica has been investigated
at multiple inhibitor concentrations. The inhibitor behavior at the concentration above surface saturation
(100 ppm) has been reported in a previous publication in order to study the inhibitor adsorption behavior
at a saturation coverage condition. * The surface saturation concentration was determined in our previous
electrochemistry work '® as well as in the AFM work." "7 In the results presented below, the adsorption
behavior was studied at surface saturation concentration (50 ppm), at a concentration below the surface
saturation (25 ppm), and at a very low concentration (5 ppm). All solutions were prepared using deionized
water with a conductivity of 18 MQ cm~'. The experimental matrix is shown in Table 1.

Table 1
Experimental matrix for effect of inhibitor concentration on adsorption behavior studies.
Temperature Room temperature 25°C
Material Mica, UNS G1018
Inhibitor Blank solution (0 ppm), 5 ppm, 25 ppm, 50 ppm, 100
concentration ppm
NaCl concentration | 1 wt.%
Atmosphere CO;
pH Initial 3.9 £ 0.1
Flow rate 0 m/s
Sample area 1.2 cm?
EC-AFM cell 3 mL
Technique In situ contact mode nano-spratching, tapping mode
AFM topography and phase imaging
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In situ Contact Mode and Tapping Mode AFM Measurements

A commercial Molecular Imaging®™ and a commercial Keysight¥ Scanning Probe Microscope system
equipped with a fluid cell attachment were used in the research reported in this paper. Triangular silicon
cantilevers with a nominal spring constant of 0.38 N/m were adopted for both contact mode and tapping
mode operation modes. Measurements were made at the mica-aqueous solution interface in order to
analyze the inhibitor film structure. The scan rate of the AFM probe was set to 1000 nm/s fora 1 x 1 ym?
scan area on mica. A resolution of 512 by 512 pixels was adopted for all AFM images.

A contact mode AFM nano-scratching technique was adopted in this current work in order to investigate
the exact layer structure and measure film thickness at various inhibitor concentrations. The nano-
scratching procedure has been described in detail in a previous publication.?

In order to minimize the lateral force and retain the original inhibitor film topography, tapping mode AFM
was adopted. For tapping mode, topography images as well as phase images were obtained. The
resonance frequency, which is usually around 25 kHz in liquid, would be tuned before each experiment.
The drive frequency was set as 0.1 kHz less than the resonance frequency.'® The setpoint amplitude was
between 1.0 V and 1.2 V. The phase image records the phase lag of cantilever oscillation when the tip
contacts a surface with different stiffness or hardness properties.': 2° In this work, tapping mode phase
imaging was used for distinguishing soft inhibitor film and hard mica substrate surfaces.

RESULTS

Figure 2 shows tapping mode AFM images of the inhibitor film on mica at various concentrations from 5
to 100 ppm. Figure 2a shows the adsorption behavior of BDA-C14 on mica at 100ppm. The topography
is a map of surface height, while the phase image indicates the relative surface hardness or softness of
the measured surface. As shown in the tapping mode topography image (Figure 2a), the surface is
uniform at this concentration, although multiple small defects are observed on the inhibitor film. This
topography image shows that “black holes” are observed, which indicates numerous small open areas in
the corrosion inhibitor layer. In the corresponding locations of phase images (Figure 2b), bright spots are
observed, indicating in these “black hole” locations the surface is harder (being mica) than on the
surrounding surface (being the soft inhibitor film). This confirms the locations of the holes are indeed the
mica surface with a relatively larger hardness. At 50 ppm (Figure 2c and Figure 2d), the surface
morphology looks similar to 100ppm; it is a uniform film with multiple small defects. At 25 ppm (Figure 2e
and Figure 2f), the adsorption morphology is a little different from that at higher concentrations. The
topography image shows the surface as non-uniform with different types of holes observed. Small holes
similar to those observed for 50 and 100 ppm are found, but there are also big clusters of holes at 25ppm.
Repeated results show that the inhibitor film is non-uniform at 25 ppm. At 5 ppm (Figure 2g and Figure
2h), the inhibitor adsorption morphology is quite different from the other three higher concentrations.
Multiple bright spots are observed in the topography image, indicating these locations are higher than
the surrounding regions while the phase image indicates these higher locations are softer than the
surrounding regions. This confirms multiple small, adsorbed inhibitor aggregates. These discontinuous
inhibitor aggregates indicate that there is no continuous film formation at 5 ppm concentration, which is
a big difference compared with the other concentrations. In the following section, detailed analysis of
inhibitor film thickness and postulated molecular orientations are provided for each concentration.
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Figure 2: Tapping mode AFM images of inhibitor film formed on mica at various concentrations
of BDA-C14 in 1 wt.% NaCl: (a) topography image-100 ppm; (b) phase image-100 ppm; (c)
topography image-50 ppm; (d) phase image-50ppm; (e) topography image-25 ppm; (f) phase
image-25 ppm; (g) topography image-5 ppm; (h) phase image-5 ppm.

Study of inhibitor adsorption on mica at 100 and 50 ppm with contact mode and tapping mode
AFM

Figure 3 shows the contact mode nano-scratching and tapping mode imaging results at 100 ppm. In order
to further investigate the structure of the adsorbed layers, the thickness of the adsorbed layer for 100
ppm inhibitor concentration was measured by performing both contact mode AFM nano-scratching tests
(Figure 3a) and tapping mode imaging (Figure 3b).
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Contact mode AFM nano-scratching was performed at this 100ppm concentration to measure the film
thickness, as shown in Figure 3c. The strategy was to scratch away a small area of inhibitor film with a
higher force, and then measure the height difference between the scratched area and the surrounding
area. The film thickness was measured to be around 1.5 nm, which is consistent with the depth of the
holes measured in tapping mode (Figure 3a). The inhibitor film thickness in this location can be estimated
as also around 1.5 + 0.2 nm from the tapping mode topography image (Figure 3b) by measuring the
depth of the detected holes.

Comparing the inhibitor film thickness with the molecular tail length (1.64 nm), the inhibitor film thickness
is slightly smaller than the molecular tail length. Therefore, it is proposed that at this condition with 100
ppm BDA-C14, the inhibitor molecules either forms a tilted bilayer or forms a vertical monolayer (Figure
3c). This postulation has been discussed in detail in a previous publication.'

Figure 3: Topography images at 100 ppm BDA-C14 on mica: (a) obtained after contact mode
nano-scratching; (b) tapping mode. Schematic (c) shows likely molecular orientation for a tilted
bilayer or perpendicular monolayer. (The layer thickness was determined by measuring the
height difference between scratched and unscratched areas on a height profile. Height profiles
were plotted along the green line appearing in the corresponding topography image).

At 50ppm concentration, the topography (Figure 4a) shows multiple holes/lower spots, while the phase
image (Figure 4b) shows brighter spots in the corresponding hole locations, indicating these hole
locations are harder than surrounding soft inhibitor film. Therefore, it can be concluded from the
topography and phase image that multiple defects exist in the inhibitor film. The average depth of holes
was measured to be around 1.2 £ 0.2 nm.
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