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ARTICLE INFO ABSTRACT

Keywords: In recent years, hollow structured nanomaterials owe high attention to research, especially when applied to
Hollow carbon spheres organic coatings due to their high surface area, loading capacity, and flexible shape and structure. Towards this
DETA

direction, mesoporous hollow carbon nanospheres (MPHS) have been synthesized using the self-assembly
method with an average diameter of 280 nm using silica particles as a hard template. The etching of the sil-
ica cores was carried out using alkaline etching with NaOH which effectively removed the cores as confirmed by
the EDX and FTIR. The MPHS has BET surface area, pore volume, and pore radius of 830.8 m?/g, 1.1 cc/g, and
3.4 nm respectively which support the loading of diethylenetriamine (DETA). The DETA acts as a corrosion
inhibitor, surface modifier, and hardener loaded into MPHS with a high loading rate (44 %) to develop MPHS@
DETA. 3 wt% of the MPHS@ DETA was blended with an epoxy coating (MPHS@ DETA-EP) as an anti-corrosion
pigment and then the properties of the developed epoxy coatings were systematically characterized. The
developed MPHS@ DETA-EP shows excellent anti-corrosion behavior after continuous exposure to corrosive

Epoxy coating
Corrosion inhibition
Nanocapsules
Mesoporous structure

media for 40 days making the coating suitable for several industrial applications.

1. Introduction

As there is always a probability of metal attack by continuous
exposure to harsh environmental factors. Thus, the organic coating
application is a potential strategy to protect metallic materials against
corrosion. Epoxy is one of the most effectively used materials for coating
purposes due to its high chemical stability, excellent mechanical prop-
erties, and good adhesion. On the other hand, organic coatings can be
permeable and pass the corrosive ions through their micropores by the
continuous exposure of the coating to a corrosive environment. As
result, a corrosion product will be formed on the steel surface which will
cause a failure of the coating's protective property. Hence, nano-
composite coatings are considered to be an effective solution that
compensates for the disadvantages of organic coatings by reinforcing
nanocontainers that act as fillers by narrowing the gaps in the micro-
structure of the coating which minimizes the passage of the corrosive
ions and enhancing the corrosion resistance of the coatings [1]. More-
over, the coating properties could be further improved by the incorpo-
ration of a corrosion inhibitor hosted by the nanocontainers. Recently,
nanocontainers with mesoporous structures become an interesting topic
that attracted the attention of several researchers [2-4]. Furthermore,
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hollow mesoporous carbon nanomaterials have proven their good per-
formance in different fields due to their high specific surface area, high
aspect ratio, high thermal stability, good electron transport capability,
flexible shape and structure, and large vacancy for mass loading [5].
Based on the structure, the hollow carbon nanomaterials could be pre-
sented as hollow nanofibers, nanocages, bowl-like, MOF-based, spheres
with hard templates, or spheres without templates [6]. The hollow
structure could be achieved using three preparation methods such as
soft, hard, and self-templating combined with several techniques such as
etching, nano casting, chemical vapor deposition, layer-by-layer as-
sembly, spray pyrolysis, etc. [7]. One of the hollow mesoporous carbon
nanomaterials that have proven its effectiveness in the last few years is
the hollow mesoporous carbon spheres [8-10]. The hollow mesoporous
carbon spheres can be without hybrid materials such as single-shell,
double-shell, multi-shell, and yolk-shell or can be hybrid materials
based such as with coating, supporting, sandwich, multi-yolk, and
single-yolk [7]. The hollow mesoporous carbon spheres are known as
carbon capsules because of their hollow structure with thin carbon
shells. The size of hollow mesoporous carbon spheres can vary from
millimeter to nanometer size. Recently, the hollow carbon spheres have
been applied in several fields such as batteries [11,12], dyes removal
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Fig. 1. Scheme for the structure of the MPHS@ DETA with the synthesis steps

[13], adsorption [14], energy storage [15,16], and others due to their
easily tunable particle size, high encapsulation capability, outstanding
thermal and chemical stability, and surface functionality. As stated
recently in the literature, the synthesis and application of hollow mes-
oporous carbon spheres as an organic host/reservoir have been reported
in a few research. Haddadi et al. [17] synthesized carbon hollow spheres
(CHSs) using the silica templating method and encapsulated them with
2-mercaptobenzimidazole (MBI) inhibitor to study their corrosion in-
hibition performance by exposure ta o saline environment. The study
highlighted that the released MBI has been absorbed onto the surface of
the steel samples after 24 h immersion in the MBI-doped CHSs extract
solution. Behgam et al. [18] developed Zn@HCS nanoparticles by
doping zinc cations into hollow carbon spheres to evaluate the corrosion
inhibition effect of released zinc cations in saline solution on bare mild
steel samples. The released zinc cations are effectively deposited as zinc
hydroxide/oxide over the steel surface, forming an inhibitive film.
Several updated research further examined the behavior of hollow car-
bon spheres by the application in epoxy coatings for corrosion protec-
tion. Haddadi et al. [19] synthesized hollow carbon spheres and
employed them in epoxy and polyamine as the film-forming agent which
showed an enhancement in the self-healing properties. In another
research [20], the hollow carbon spheres have been loaded with walnut
extract as a green corrosion inhibitor in epoxy coating. The developed
epoxy coating showed an improvement of ~1450 % in the corrosion
protection behavior compared with the blank coating. Moreover, in
another work [21], carbon nanospheres with dual-encapsulated epoxy/
polyamine were dispersed uniformly in the epoxy resin at different
concentrations (2, 5, and 10 wt%). It was noticed that the carbon
nanospheres enhanced the barrier properties, corrosion protection per-
formance the mechanical properties of the epoxy coating. In addition,
the epoxy coating containing the highest concentration of carbon
nanospheres has higher scratch hardness. Hao et al. [22] developed
epoxy coating reinforced with mesoporous polyaniline (PANI) hollow
spheres loaded with benzotriazole (BTA) corrosion inhibitor
(MPHS@BTA) with 27 % loading using mesoporous carbons hollow
spheres and PSjpo-b-PEO;14 as a hard template and soft template
respectively. The developed epoxy coating provided high corrosion
resistance due to the passivation function of PANI and the corrosion
inhibition effect of BTA. On the other hand, no research has reported the
loading of a multifunctional inhibitor (especially from the amines fam-
ily) into the mesoporous hollow carbon spheres and studied the effect of

this inhibitor loading on the coating performance. The corrosion inhi-
bition properties of DETA have been studied in a chloride solution
saturated with COy [23] and in a hydrochloric acid solution [24].
However, the phenomenon has not been explored for DETA when loaded
into a nanoreservoir, employed in the polymeric coating, and exposed to
neutral media. Moreover, the high loading rate reported herein offered
an enhanced and prolonged anti-corrosion behavior for the developed
coating. In the presented work, the mesoporous hollow carbon spheres
(MPHS) have been synthesized by the self-assembly method using tet-
raethyl orthosilicate (TEOS) as a silica source to obtain the in situ SiO,
particles as hard templates by the hydrolysis, resorcinol-formaldehyde
resin as a carbon source to be deposited on the SiO; cores using poly-
merization process followed by carbonization at high temperature and
alkaline eco-friendly etching using NaOH. Then, the obtained MPHS was
loaded with diethylenetriamine (DETA) (MPHS@ DETA) which acts as a
corrosion inhibitor. Besides the main function of DETA as a corrosion
inhibitor, it acts as a hardener for the epoxy which increases the hard-
ness and strength of the coating. Moreover, as DETA contains two pri-
mary amines at both sides of its structure and a secondary amine
between two ethylene groups, it modified the surface of the MPHS@
DETA after being loaded into the MPHS by carrying out surface ami-
nation modification that helps to have a uniform and controllable
loading. Hence, the MPHS@ DETA was dispersed into epoxy resin using
a vacuum to obtain MPHS@ DETA-EP. Several characterization analyses
have been carried out on the proposed coating (MPHS@ DETA-EP) to
evaluate its anti-corrosion ability. It can be concluded that the high
storage ability, high thermal stability of the MPHS, and excellent anti-
corrosion behavior of MPHS@ DETA-EP make the proposed system
suitable for numerous potential applications.

2. Experimental section
2.1. Materials

Formaldehyde (37 wt%), sodium hydroxide, ammonium hydroxide
(28 wt%), diethylenetriamine (DETA), tetraethyl orthosilicate (TEOS),
Resorcinol, ethanol absolute, epoxy resin (Epon resin 815 C), triethy-
lenetetramine (as an epoxy hardener) and NaCl solution prepared in 3.5
wt% was used as a simulation for the corrosive media. All the chemicals
were purchased from Sigma-Aldrich Darmstadt, Germany. Plain carbon
steel sheets as substrates obtained from a local source.
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2.2. Synthesis of MPHS

Fig. 1 shows the synthesis and loading steps of MPHS. To prepare the
hard templates (silica cores), 70 ml of ethanol, 10 ml of H,0, and 3 ml of
ammonium hydroxide were mixed under continuous stirring at room
temperature to obtain a homogenous mixture. After that, 3.5 ml of TEOS
was added dropwise to the prepared mixture under continuous stirring
for 15 min. To deposit the carbon on the prepared silica cores, 0.4 g of
resorcinol and 0.6 ml of formaldehyde were added to the prepared so-
lution and left for 24 h (a light brown product will be produced). The
obtained product was washed with water and ethanol alternately several
times and placed in a vacuum oven at 60 °C overnight to dry. After
drying, the product a carbonization process was carried out in an inert
atmosphere at 700 °C for 5 h obtaining black powder. The etching
process was carried out using 10 ml of 2 M NaOH was added to the
powder in a glass bottle and placed in an oven at 70 °C for 12 h. After
that, the NaOH solution was poured, and the etching step was repeated.
The obtained mixture was left to dry at 90 °C overnight in an oven. The
synthesis procedure of MPHS followed the reported process [22].

2.3. Loading of MPHS

The loading of the MPHS with DETA inhibitor was carried out by
dispersing MPHS in 30 ml of ethanol containing 10 g of DETA. The
stirring of the MPHS and DETA mixture was carried out under a vacuum
for 24 h. Then, the obtained product was washed with water and ethanol
and centrifugated, then dried in the oven at 60 °C overnight to obtain
MPHS@ DETA.

2.4. Preparation of substrates and coatings

The epoxy coatings of the unloaded MPHS (ULMPHS-EP), reference
epoxy (blank) and the loaded MPHS (MPHS @DETA-EP) were prepared
by separately mixing 3 wt% of the unloaded MPHS and loaded MPHS
(MPHS @DETA) respectively with the epoxy and the hardener. The
epoxy and epoxy hardener (triethylenetetramine) were mixed in the
ratio of 5:1. The total (dry film thickness) DFT of both coatings is ~400
pm including a 100 pm pre-layer of blank epoxy and 300 pm of
MPHS@DETA-EP layer. The blank epoxy pre-layer was added directly to
the steel before adding the MPHS@DETA-EP layer to avoid direct con-
tact of carbon with the steel. The procedure of substrates and coatings
preparation was proposed in detail in our previous work [25].

2.5. Characterization

The equipment and specifications of the characterization tests used
in the current study were explained in detail in our previous work
[25,26]. Moreover, the DC (direct current) potentiodynamic polariza-
tion experiments were carried out to observe the anti-corrosion behavior
of the bare carbon steel substrates in the presence and absence of a DETA
inhibitor. The test was done in two stages, the first stage using 3.5 wt%
NaCl as a corrosive solution without adding DETA and the second stage
with adding DETA with a concentration of 1.00 g/L. The polarization
measurements were carried out using a potential range of —0.8 to 1.1 V
at a scan rate of 1 mV/s. Corrosion current density (icorr) and corrosion
potential (Ecory) were determined from the Tafel plot of anodic and
cathodic curves using gamry Echem analyst software.

3. Results and discussion
3.1. Morphological analysis of unloaded MPHS and MPHS@ DETA

The detailed morphological structure of the synthesized MPHS dur-
ing the synthesis process, before and after loading with DETA corrosion

inhibitor was characterized by SEM and HRTEM. Furthermore,
elemental mapping and EDX have been used to track and quantify the
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Fig. 3. EDX of MPHS through the synthesis process.

composition of the MPHS during and after synthesis. Fig. 2 depicts the
structure and elemental mapping of the silica templates (SiO2/RF), the
MPHS after the calcination (SiO3/C), and the MPHS after the etching
with NaOH for 1 time. As can be seen in Fig. 2, the spheres presented in a
uniform structure and size directly after the polymerization process with
a shell of resorcinol and formaldehyde and a high concentration of sil-
icon and oxygen (silica) due to the presence of the dense silica cores as a
hard template and a relatively low concentration of carbon due to the
casting of the carbon precursors (resorcinol and formaldehyde) on the
silica template. The presence of carbon indicates the formation of the
main skeleton (shells) of the nanocapsules successfully in the first step
(polymerization). After the calcination, the amount of carbon increased
due to the conversion of the shell into pure carbon in an inert
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Fig. 6. Thermogravimetric curves of (a) unloaded MPHS, MPHS @DETA, and DETA and (b) coatings.

atmosphere at a high temperature with a similar concentration of silicon
and oxygen indicating the completion of the carbonization process and
the synthesis of a pure carbon shell. However, after carrying out the
NaOH etching once, some of the silica cores have been removed causing
a dramatic decrease in the concentration of silicon and oxygen and an
increase in the concentration of carbon. Moreover, the spherical
morphology of the nanocapsules was preserved with a slight shrinkage
detecting their promising stability and flexibility. The findings of the
elemental mapping presented in Fig. 2 have been confirmed by the EDX
at the same synthesis stages in Fig. 3. Furthermore, the EDX of the MPHS
after etching once presented a low intensity of sodium due to the
incomplete removal of NaOH from the sample and low intensity of sil-
icon and oxygen which indicated the need for repeating the etching
process for a second time. Fig. 4a shows a non-agglomerated and highly
uniform spherical shape with a diameter of ~280 nm, which is presented
in SEM micrographs of the unloaded MPHS and MPHS@ DETA. More-
over, the cracked particles shown in Fig. 4a prove the hollow structure of
the synthesized MPHS carbon nanocapsules by the presence of very thin
carbon shells. The loading of DETA was confirmed in Fig. 4b which
shows some particles/material inside and on the surface of the spheres
(marked in red) and the changing of the texture of the spheres' surface to
be more smooth and less rough due to the DETA loading inside the pores.
Fig. 4c shows the EDX of the unloaded MPHS (after 2 times of etching)
and MPHS@ DETA. The EDX of the unloaded MPHS shows pure carbon
with traces of oxygen which are not detectable by the X-rays. However,
the EDX of MPHS@ DETA shows the incorporation of nitrogen which
indicates the loading of DETA into the unloaded MPHS causing a slight
decrease in the carbon amount in the sample. Moreover, the EDX of the
unloaded MPHS (after 2 times of etching) and MPHS@ DETA shows no
sign of silica presence indicating successful removal of the silica cores
using the eco-friendly NaOH etching. In addition, Fig. 5 shows HRTEM
images of unloaded MPHS and MPHS @DETA confirming the hollow
structure of the synthesized MPHS with large cavities covered by dark
shells of carbon with a thickness of ~12 nm. Moreover, a rough surface
can be observed for the unloaded MPHS due to the removal of the SiOy/
RF core during the alkaline etching by NaOH which can enhance the
functional groups of the spheres by providing more active sites on their
surface [27]. The loading of DETA could be further confirmed by the
dark color presented in a high amount inside and on the surface of the
spheres (Fig. 5b). Fig. 5b shows the hollow spheres with a smoother
surface after the loading with DETA which attributed to the surface
amination modification carried out to the capsules. The high loading of
DETA into the capsules reflecting their high capacity, surface area and
porosity which helps to preserve high amount of inhibitor.

3.2. FTIR analysis

The FTIR analysis has been carried out to confirm the successful

loading of DETA into the MPHS@ DETA. Fig. S1 shows the FTIR spec-
trum of unloaded MPHS, DETA, and MPHS@ DETA. For the FTIR
spectrum of the unloaded MPHS, a broad peak can be seen at 3017 cm ™!
indicating the C—H stretching vibration of the MPHS. Moreover, the
peaks at 1700 cm™' and 1033 cm ™! are attributed to the stretching
deformation of C=C and deformation vibration of C—O respectively,
which are contained in the MPHS structure. The FTIR spectrum of the
unloaded MPHS indicates the successful synthesis of the MPHS carbon
nanocapsules using the self-assembly method. Furthermore, the FTIR
spectrum of the DETA inhibitor shows dominant peaks at 3250 cm?,
2900 cm ™, 1600 cm™ and 829 cm™! associated with the stretching of
N—H, C—H, and bending of N—H due to the -NHj scissoring mode. In
addition, the two peaks at 1125 cm ! and 1055 cm™! are attributed to
the C—N due to the secondary and primary amine stretching, sequen-
tially [28]. The dominant peaks in the FTIR spectrum of the unloaded
MPHS and DETA can be observed in the FTIR spectrum of MPHS@ DETA
which confirmed the successful loading of the DETA inhibitor into the
MPHS. Moreover, the absorption band at 1583 cm ™! is anticipated to be
due to the successful grafting of the amine group (amination surface
modification) into the MPHS using DETA which provides an excellent
loading [2].

3.3. Thermogravimetric analysis

Fig. 6 represents the thermogravimetric curves of the unloaded
MPHS, loaded MPHS (MPHS @DETA), DETA inhibitor, and the epoxy
coatings (blank, the unloaded MPHS coating (ULMPHS-EP), and MPHS
@DETA-EP). Fig. 6(a) shows the effective loading of DETA into the
MPHS (44 % loading). As can be seen, there is a minor weight loss (up to
10 %) in the unloaded MPHS, MPHS @DETA, and DETA inhibitor at
about 100 °C because of the moisture/water evaporation [29]. The total
weight loss of the unloaded MPHS at 800 °C is ~25 % which is an
indication of the high thermal stability of the MPHS (the boiling point of
the carbon is 4827 °C). Moreover, it can be observed that the MPHS@
DETA and the DETA inhibitor start degrading at the same temperature
(~90 °C) with a similar trend. When the temperature is very close to
200 °C, the DETA inhibitor degrades completely as it has a boiling point
of 207 °C. Meanwhile, MPHS@ DETA loses 20 % of its original weight
which can be attributed to the degradation of the DETA inhibitor loaded
on the surface or in the pores of the MPHS. With a further increase in the
temperature (above 207 °C) the MPHS@ DETA witnessed more loss in its
weight reaching 30 % of its original weight at 800 °C which indicates a
loading of ~45 % of the DETA inhibitor into the MPHS. This decrease in
the weight of MPHS@ DETA could be due to the degradation of the
DETA loaded inside the MPHS which needs additional heating to be
degenerated. Fig. 6(b) shows the thermogravimetric curves of the
developed coatings which are blank epoxy, ULMPHS-EP, and MPHS@
DETA-EP. As shown in Fig. 6(b), all the coatings presented a similar TGA
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trend due to the high quantity of epoxy incorporated in them.

3.4. Brunauer-Emmett-Teller (BET) analysis

Fig. 7 shows the nitrogen adsorption isotherms of unloaded MPHS
and MPHS@ DETA which demonstrates the BET surface areas of the
unloaded MPHS and MPHS@ DETA with an inset explaining cumulative
pore volume. The nitrogen adsorption curves indicate the BET surface
area, pore volume, and pore radius of 830.8 m?/g, 1.1 cc/g, and 3.4 nm
for unloaded MPHS respectively. The adsorption on mesoporous solids
(such as MPHS) is carried out by multilayer adsorption followed by
capillary condensation which results in Type IV isotherm. The main
features of Type IV isotherm are the presence of a hysteresis loop
incorporated with capillary condensation that is present in the meso-
pores which limits the nitrogen gas uptake in the high relative pressure
(P/Py) range. In Fig. 7, the capillary condensation step and hysteresis
loop can be seen in the P/Py range of 0.2 to 0.9 in the nitrogen
adsorption curve which is significant for the presence of the mesoporous
structure with high pore radius distribution [30]. However, for MPHS@
DETA, the BET surface area, pore volume, and pore diameter decreased
to 620.2 m%/g, 1.1 cc/g, and 2.7 nm respectively, which proved a suc-
cessful loading of DETA into the MPHS nanoparticles. Furthermore, this
drop can be attributed to DETA loading inside and on the pores of the
spheres which can cause w partial blockage of the mesoporous channels
and a decrease in the surface area. Moreover, the capillary condensation
step and hysteresis loop are still can be observed in the MPHS@ DETA
nitrogen adsorption curve in the same range of P/Pj as the unloaded
MPHS which is an indication of maintaining the same mesoporous
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structure after the DETA loading.

3.5. X-ray diffraction (XRD)

The XRD patterns of unloaded MPHS and MPHS@ DETA are shown
in Fig. S2. Fig. S2 depicts the intensity of the main peak at ~25° and the
secondary peak at ~43° for the loaded and unloaded MPHS which
correspond to the planes (002) and (100) respectively, belonging to the
carbon. The presence of these peaks confirms the successful formation of
the MPHS. Moreover, the XRD patterns show the absence of silica core
which implies the successful removal of the silica core by the NaOH eco-
friendly etching method. Furthermore, the broadening of the two peaks
suggests the low graphitization degree of the MPHS which causes an
amorphous structure for the carbon. In addition, the broadening can be
an indication of a low range in the structural order. As can be seen, the
intensity of the (002) and (100) characteristic peaks slightly increased in
the XRD pattern of MPHS@ DETA as the DETA inhibitor is an organic
material (containing mainly carbon). The reported results are in agree-
ment with the literature [31-33].

3.6. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy test proceeded to es-
timate the anti-corrosion behavior of the developed reference coating,
ULMPHS-EP and MPHS @DETA-EP by immersion in 3.5 wt% NaCl so-
lution at room temperature for 40 days. Fig. 8 shows the two-time
constant electrical circuit which was used in the fitting of EIS experi-
mental data of the two developed coatings which quantify several
electrochemical parameters of the coatings. In the applied equivalent
electrical circuit, Rs, Rpo, Rer, CPE1, CPE2, and W are referring to the
solution resistance, coating pore resistance, charge transfer resistance at
the metal interface, constant phase elements, and Warburg diffusion
constant respectively. The constant phase elements (CPE1 and CPE2) are
used instead of the capacitance in the equivalent electrical circuit
because of the non-ideality of the capacitive behavior of the coatings
[34,35]. The constant phase element accounts for the surface roughness
and non-homogeneity properties of the analyzed surface because of the
passivity (passive layer formation) caused by the species adsorbed on
the metal surface [36]. In addition, CPE expresses the nonideal capacitor
behavior of the analyzed coatings due to the non-uniform distribution of
the applied current over the coating surface [37].

Bode and phase angle plots determine the anti-corrosion mechanism
of the developed coatings as represented in Fig. 9. Generally, the dif-
ference in the phase angle and impedance plots at the low-frequency
range is an indication of the anti-corrosive behavior of the coatings
[38]. The change in the impedance values in the low-frequency range of
the bode plot determines the barrier property of the developed coatings.
Generally speaking, the increase in impedance value at the low-
frequency range reveals a higher anti-corrosion ability of the coating.
Fig. 9 shows a variation in the impedance values of the ULMPHS-EP and
MPHS @DETA-EP. Fig. 9a shows the bode and phase angle graphs of the

CPE1

Rg

R

pPo

W.E

CPE2

Fig. 8. Equivalent electrical circuit used for EIS fitting for ULMPHS-EP and MPHS @DETA-EP.
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blank epoxy coating. In the high-frequency range, the impedance results
show capacitive behavior. However, in the low-frequency range, the
charge transfer resistance is 6.51 x 10° Qecm? directly after the im-
mersion, which started decreasing gradually for the successive duration
of immersion for nine days until 1.99 x 10° Qecm?. This reduction
confirms the initiation of the corrosion activity at the interface between
the coating and the steel due to the absence of an inhibitor, which can
postpone the corrosion propagation. Moreover, the increase of the phase
angle of the reference coating to nearly 0° after 9 days of immersion (at
the low-frequency range) can be a further confirmation of the reaching
of the corrosion ions to the steel surface. In Fig. 9b, a continuous increase
in the impedance values can be observed for ULMPHS-EP after the first 6
days of the immersion time from 5.2 x 10° Q.cm? to 17.5 x 10° Q.cm?
indicating that the corrosive ions did not pass the coating to reach the
steel surface. However, after 9 days of continuous immersion, the

impedance value of the ULMPHS-EP witnessed a significant drop to
261.5 x 10° Q.cm?, dropped by three orders of magnitude, which was
attributed to the passage of the corrosive ions through the coating pores
reaching the steel surface. Hence, the protective property becomes low
due to the formation of a corrosion product on steel due to the absence of
the inhibitor which can delay/prevent the corrosion. The increase of the
phase angle of ULMPHS-EP to nearly 0° after 9 days of immersion (at the
low-frequency range) can be a confirmation of the reaching of the
corrosion ions to the steel surface. Contrary to the ULMPHS-EP anti-
corrosion behavior, Fig. 9b shows the phase angle of MPHS @DETA-EP
after 40 days of immersion ranging between —20° and -30° which shows
a resistor behavior rather than the capacitor behavior [39]. Fig. 9c
presents a continuous increase in the impedance values of the MPHS
@DETA-EP after 40 days of immersion time from 4.5 x 10 Q.cm? to
40.2 x 10° Q.cm? which can be attributed to the inhibition effect

Table 1
EIS fitting parameters for ULMPHS-EP and MPHS @DETA-EP.
Coating type Immersion time Rpo CPE1 CPE2 Ret w
(days) (Q.cm?) 6"Ql'em™?)  ("Q'em™?  (Q.cm?)
0 471.4e6 71.66e-12 110.7e-12 49.21e6 -
Blank epoxy coating (reference) 3 5.882e6 73.7%-12 88.17e-12 1.405e6 -
POXy & 6 47.18e4  87.7e-12 4.899¢-6 38.72¢3 -
9 362.4e3 88.34e-12 49.42e-6 20.89e3 -
0 4.234e6 604.3e-12 393.8e-9 1.580e4 2.395e-6
1.1e-
3 1.463e10 270.1e-12 1.66e-12 4.174e4 ‘1‘2 €
Unloaded mesoporous hollow carbon spheres epoxy coating (ULMPHS-EP) 892,36
6 17.32e9 159.4e-12 13.46e-9 7.146e5 12 :
9 2.644e8 180.5e-12 95.29%-9 2.634e5 27.68e-6
0 3.293e6 382.3e-12 1.984e-6 1.220e6 30.60e-3
8 4.354e7 234.2e-12 51.26e-12 1.789e9 917.1e-9
. . 16 4.323e7 186.1e-12 1.436e-12 1.974e9 12.40e-9
Lo];\s;zd mesoporous hollow carbon spheres with epoxy coating (MPHS @DETA- 24 6.07069 176.9e-12 85.346-14 560660  12.076.9
32 1.022e10 143.4e-12 1.445e-14 5.473e9 ‘1‘27'98_
40 5.272e10 248.7e-12 88.48e-14 7.032e9 395.1e-9
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Fig. 10. The trend for Ret, Rpo, and |Z|@0.01 through the complete immersion
time for (a) Blank epoxy (reference), (b)ULMPHS-EP and (b) MPHS @DETA-
EP coatings.

initiation caused by the release of the DETA inhibitor that causes a steel
surface prevention against the corrosive ions' penetration. At the high-
frequency region, it can be noticed that the phase angle of the coat-
ings ranges from —80° to —89° which is an indication of the excellent
durability of the developed epoxy coatings [40].

Furthermore, the parameters used in the fitting of blank epoxy
coating, ULMPHS-EP and MPHS @DETA-EP coatings are tabulated in
Table 1. Usually, the coating pore resistance (Rpo) and coating constant
phase element (CPE1) is used as quantitative tool for the coating per-
formance. CPE1 is used for the characterization of the water absorption
of the coating, while Rpo reveals the permeation behavior of the cor-
rosive ions in the coating [41]. Generally, the higher Rpo and lower
CPE1 are indications of the high anti-corrosion property of the coating.
As can be seen in Table 1, the reference coating shows a dramatic
decrease in the Rpo values and increase in CPE1 values in 9 days of
immersion which can be attributed to the high corrosive medium
permeation. In ULMPHS-EP coating, Rpo increases and CPE1 decreases
until 9 days of immersion which reflects a low corrosive medium
permeation. The Rpo and CPE1 values increased after 9 days of im-
mersion because of the formation of diffusion channels in the coating in
a short time of continuous immersion due to the absence of the inhibitor.
However, in MPHS @DETA-EP coating, Rpo increases and CPE1 de-
creases until 32 days of continuous immersion due to the low perme-
ation of the corrosive media into the coating which reflects the high
barrier property of the coating. After 40 days of immersion, CPE1 starts
increasing which is anticipated to be due to the complete release of the
inhibitor or the reaching of traces of the corrosive ions into the coating-
steel interface. Charge transfer resistance (Rct) and constant phase
element (CPE2) are used to determine the delamination behavior of the
organic coatings from the metallic surfaces. In general, the higher Rct
and lower CPE2 indicate a high anti-corrosive performance due to the
good adhesion between the organic coating and the metallic surface. As
presented in Table 1, in the reference coating, Rct decreases continu-
ously from 49.21 x 10% Q.cm? to 20.89 x 10° Q.cm? and CPE2 starts
increasing after 9 days of immersion which due to the chloride ions
penetration through the coating steel interface. In the ULMPHS-EP
coating, Ret increases from 1.580 x 10* Q.cm? to 7.146 x 10° Q.cm?
and CPE2 decreases gradually for 6 days of immersion time due to the
good adhesion of the coating with the steel and the low diffusion of the
corrosive ions through the coating. After 9 days of immersion, Rct de-
creases to 2.634 x 10° Q.cm® and CPE2 increases due to the continuous
exposure of the coating into the corrosive media with the absence of the
inhibitor which accelerates the diffusion rate of the corrosive ions that
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Fig. 11. Tafel plots for uncoated steel with and without DETA presence at
different immersion times.

causes a poor adhesion of the coating and high water uptake. However,
in MPHS @DETA-EP coating, Rct increases continuously from 1.220 x
10° Q.cm? to 7.032 x 10° Q.cm? and CPE2 starts increasing after pro-
longed immersion time (40 days) which causes starting of chloride ions
penetration through the coating. This trend of the MPHS @DETA-EP is
indicating a very slow corrosive media diffusion rate, low water uptake,
and excellent adhesion of the coating because of the presence of the
DETA inhibitor which protects the steel for a longer time compared with
ULMPHS-EP. and prevents direct contact between the coating and the
steel. Fig. 10 represents the trend of Ret, Rpo, and the impedance at the
low-frequency range (|Z|@0.01) for reference coating, ULMPHS-EP and
MPHS @DETA-EP coatings.

In detail, as the coating surface was exposed to the corrosive media
(3.5 wt% NaCl solution) which contained oxygen and water for a certain
period, a metal deterioration (steel oxidation) started to take place
through an anodic reaction. On the other hand, a cathodic reaction has
toke place with the decreasing of the inhibitor concentration on the steel
surface or when the adsorption rate of the inhibitor is slow. The
continuous and direct contact of the corrosive media with the coating
caused a change in the localized pH that causes the DETA release from
the MPHS nanocapsules. Hence, the water molecules which were
occupying the steel surface were replaced by the DETA that was
adsorbed on the steel surface, results with an intermediate adsorbed
DETA on the steel. As a result, a film of the adsorbed DETA has been
formed on the steel surface. The produced inhibitor film plays a role to
delay the corrosion activity by blocking the chloride corrosive ions to
reach the steel surface.

3.7. Potentiodynamic polarization analysis

The potentiodynamic polarization analysis has been carried out to
examine the behavior of the uncoated steel at high impedance levels
after proving its high barrier ability using the EIS. In this analysis, two
uncoated carbon sheets of steel have been immersed in 3.5 wt% NaCl
solution with the presence of DETA and without for 24 h to observe the
effect of the DETA inhibitor on the steel. This effect has been studied
using direct current polarization and the resulting polarization curves
can be seen in Fig. 11. Moreover, Table 2 shows the electrochemical
kinetic parameters such as corrosion potential (E¢), corrosion current
density (icorr), corrosion rate, and the anodic and cathodic Tafel slopes
(pa and pc) which were obtained from the Gamry Echem analyst soft-
ware. However, the polarization resistance (Rp) has been calculated
using the Stern-Geary equation [42] as the following and tabulated in
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Table 2
Potentiodynamic polarization parameters obtained from Tafel plots.

Curve icorr (WACm 2) Ecorr (mV) pa (mV/decade) pc (mV/decade) Rp 0 Corrosion rate (mpy) 1E (%)

(Q.cmz)

1 h Blank 76.90 —831 2429 168.3 0.561 - 12.42 -

24 h Blank 215 —862 284.4 171.4 0.216 - 34.76 -

1 h with DETA 66.3 -777 239.4 284.2 0.851 0.691 11.01 69.1

24 h with DETA 63.1 -731 218.4 283.8 0.849 0.706 10.19 70.7
Table 2: inhibitor efficiency reaching 70.7 % compared to a corrosive solution

fa fic without DETA. Moreover, the MPHS@ DETA was introduced into an

® 2303 icor (fa + fo)

Furthermore, the surface coverage (0) of the DETA on the carbon
steel surface can be calculated using the following equation [43] and
tabulated in Table 2:

. .
0= Leorr — leorr

ic/:orr
Where i, and ic. are the corrosion current densities measured in the
absence and presence of the DETA inhibitor respectively.

It can be observed that the surface coverage increased from 0.691 to
0.706 after 24 h of immersion which indicates the good absorbance of
DETA into the steel surface. The Tafel plot of the solution with DETA
after 1 h of immersion shows an inhibition effect of DETA which has
been indicated by a shift in the corrosion potential (E¢ory) to —777 mV
compared to its value in absence of DETA (—831 mV). As can be seen
with the increase in immersion time in the presence of DETA, the
corrosion potential witnessed a further shift until reaching —731 mV.
This shifting can be attributed to the adsorption of DETA molecules on
the steel surface. Moreover, a gradual shift could be observed with the
presence of DETA and compared with the absence of DETA towards a
lower current density range which proves the reduction in the active
sites on the steel due to the linkage of most of them with the inhibitor. In
addition, the decrease in the corrosion rate from 34.76 mpy to 10.19
mpy and the increase of the polarization resistance from 0.851 Q.cm? to
0.849 Q.cm? 1 h with DETA and after 24 h of immersion in NaCl with
DETA highlighting the effect of DETA to protect the steel from the
corrosion. Unlike the NaCl with DETA, the potentiodynamic polariza-
tion analysis of the NaCl without the DETA inhibitor showed an increase
in the corrosion rate from 12.42 mpy to 34.76 mpy and a decrease of the
polarization resistance from 0.561 Q.cm? to 0.216 Q.cm?1 h and 24 h in
the absence of DETA. The efficiency of the inhibitor can be calculated
using the current density by the following equation [44] and tabulated
in Table 2:

IE(%) = (1 —‘—") % 100%

corr,i

Where i, is the current density in the presence of DETA in pAcm_2

and i.or; is the current density in the absence of DETA in pAcm’Z.
The maximum inhibitor efficiency has been calculated after 24 h of
continuous immersion in the NaCl solution with DETA as 70.7 %.

4. Conclusion

To sum up, carbon nanocapsules (MPHS) were synthesized using
silica cores as a hard template and resorcinol-formaldehyde as a carbon
source by the self-assembly technique. A loading and surface amination
modification which enhanced the loading into the mesoporous channels
of MPHS was carried out on the synthesized MPHS using DETA (MPHS@
DETA). The DETA was loaded into the MPHS with a concentration of
~44 wt% due to its high BET surface area and pore volume. The DETA's
corrosion inhibition effect was proved by the potentiodynamic polari-
zation analysis indicating a decrease in the corrosion rate and high

epoxy coating to develop MPHS@ DETA-EP which showed excellent
anti-corrosion resistance and reached 40.2 x 10° Q.cm? after 40 days of
exposure to NaCl solution.
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