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Epoxy coatings are popular due to their strong adhesion, low cost,
and superior  thermal and electrical  insulation.  Unfortunately,  sur-
face defects in epoxy resin lead to surface cracks, limiting the long-
term use of epoxy resin coatings in humid marine environments. In
this  study,  modified  kaolin  (Kaolin)  was  added  to  an  epoxy  resin
(EP) to enhance its corrosion resistance, and a silane coupling agent
3-aminopropyltriethoxysilane  (APTES),  tetraethyl  orthosilicate
(TEOS),  and  8-hydroxyquinoline  (8-HQ)  were  chosen  as  modifiers.
This resulted in the composite 8-hydroxyquinoline/silica/amino ka-
olin (8-HQ@SiO2@AK), and the structural makeup, loading, hydrophobic characteristics, surface roughness, and corro-
sion  resistance  of  8-HQ@SiO2@AK  and  8-hydroxyquinoline/silica/amino  kaolin/epoxy  resin  composite  coating  (8-
HQ@SiO2@AK/EP) was investigated. Based on these findings, the maximum contact angle of the hydrophobic composite
coating was 88°, its roughness Ra was 3.09 nm, and the hardness and adhesion were unaltered compared to silica-modi-
fied kaolin/epoxy composite coatings (SiO2@AK/EP). The impedance modulus |Z|0.01 Hz of the composite was 3.662×109 Ω
• cm2 after 30 days of immersion, which indicated significantly enhanced corrosion resistance.

 

M etal  corrosion  wastes  important  energy  and  re-
sources,  contributes  to  environmental  pollution,
and even results in catastrophic accidents in the

industrial sector and society at large[1, 2]. Every year, consider-
able  metal  machinery,  parts,  and  other  materials  are  lost  to
the  national  economy  owing  to  corrosion[3].  More  money  is
lost every year due to metal corrosion than is lost as a result of
all  fires,  floods,  and  other  natural  catastrophes  combined.
Several  offshore  engineering  tools  are  utilized  in  the  marine
environment for extended periods of time while immersed in
seawater,  including  offshore  oil  platforms,  cross-sea  bridges,
deep-sea  exploration  equipment,  ships,  and  other  metal
structures.  Seawater  is  a  corrosive  medium  that  attacks  the
metal elements in offshore equipment and causes pitting, hy-
drogen embrittlement, stress corrosion fractures, fatigue cor-
rosion, and major health and financial losses[4].  Marine corro-
sion protection has recently  received considerable attention,
and  while  anti-corrosion  technology  is  also  continually
evolving[5-7],  it  is  still  far  from  satisfying  industrial  demand.
The  development  of  anti-corrosion  technology  as  well  as

studies  and  preparation  of  high-performance  materials  have
become crucial issues for marine engineering.

Epoxy  resin  (EP)  is  a  thermosetting  polymer  that  is  fre-
quently  used  in  primers  because  of  its  electrical  insulation,
chemical  resistance,  and thermal  stability.  It  has  excellent  al-
kali  and solvent  resistance,  and the aliphatic  hydroxyl,  ether,
and epoxy groups and other active groups strongly adhere to
metal  surfaces.  There  are  several  flaws,  though.  Epoxy  coat-
ings  need  to  be  adjusted  since  they  have  poor  resistance  to
water  and  outside  weather,  are  permeable  to  corrosive  me-
dia such as water  and oxygen and are poor barriers[8-10].  The
corrosion resistance and protective capabilities  of  epoxy res-
ins  are  significantly  enhanced  by  the  laminar  structure  of
nano kaolinite  and its  poor ion exchange capacity,  which ef-
fectively  increases  the  lengths  of  the  diffusion  channels  for
the corrosive medium[11].  The silane coupling agent APTES is
used to replace some of the hydroxyl groups in the silicate to
improve  the  dispersion  since  kaolin  has  a  tendency  to  ag-
glomerate in the resin.  Coatings frequently contain nanoma-
terials. Due to their small particle sizes and high aspect ratios,
inorganic nanoparticles can fill  the pores of organic coatings
and enhance the coating performance. Nanoparticles are ad-
ded  to  epoxy  resins  to  prepare  a  corrosion-inhibiting  medi-
um or provide barrier protection[12]. Nanomaterials such as 8-
HQ[13],  SiO2

[14, 15],  Al2O3
[16],  Cr2O3

[17],  and  ZnO[18] are  fre-
quently  employed.  In  this  study,  SiO2 was  added  to  the  sur-
face  of  the  2D  material  APTES@Kaolin  and  loaded  with  the
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small  molecule corrosion inhibitor  8-HQ to create a compos-
ite  8-hydroxyquinoline/silica/aminated  kaolin  (8-
HQ@SiO2@AK). The effects of temperature, time, and solution
pH on the reaction products were examined.  Using FTIR and
other  characterization  techniques,  the  material  composition
was examined, and UV testing was used to calculate the cor-
rosion  inhibitor  loading.  To  increase  the  hydrophobicity,
hardness, adhesion, and electrochemical corrosion resistance
of  the  composite  coatings,  the  composites  were  also  added
to epoxy resin coatings.

 Materials and methods

 Preparation of 8-HQ@SiO2@AK composites
Two hundred millilitres of aqueous ethanol was mixed with

450  mg  of  kaolin  for  30  minutes  before  the  addition  of  3-
aminopropyltriethoxysilane  (APTES,  AR).  The  sample  was
heated  and  stirred  at  70  °C  for  5  hours,  cooled,  and  then
washed three times with water and three times with ethanol
before drying at 60 °C for 12 hours. The composite APTES@ka-
olin (AK) resulted.

100 mg of  AK was dispersed into 100 ml  of  deionized wa-
ter and sonicated for 1 h. After adjusting the solution to pH 12
with  1  mol·L−1 NaOH,  tetraethyl  orthosilicate  (TEOS,  AR)  was
added and heated in an oil bath at 80 °C for 5 h. To create the
composite  SiO2@AK,  the  samples  were  cooled,  filtered,  and
washed  three  times  each  with  ethanol  and  water  and  then
dried at 60 °C for 12 hours.

After sonication in 100 mL of deionized water for one hour,
50  mg  of  SiO2@AK  was  added  to  the  8-hydroxyquinoline  (8-
HQ).  A  1  mol  L−1 hydrochloride  solution  was  used  to  adjust
the  pH,  and  the  mixture  was  heated  and  agitated  for  one
hour. The reaction was conducted for 12 hours at 80 °C in an
oil bath. The samples were filtered, cooled, and washed three
times  each  with  water  and  ethanol  and  then  tested  with  an
AgNO3 solution  to  see  if  all  of  the  Cl− had  been  eliminated.
The composite 8-HQ@SiO2@AK was dried for 12 hours at 60 °C.

 Preparation of the 8-HQ@SiO2@AK/EP composite
coating

The experimental substrate comprised Q235 mild steel, and
the specimen dimensions were 70 mm × 40 mm × 2 mm. The
steel  plates  were  cleaned  by  ultrasonication  in  anhydrous
ethanol  after  they  were  sanded  with  100,  400,  and  800  grit
sandpaper.  18 mg of 8-HQ@SiO2@AK was weighed, a diluent
was  added,  and  the  mixture  was  stirred  for  30  minutes.  To
prepare the composite coating 8-HQ@SiO2@AK/EP, epoxy res-
in  and  a  curing  agent  were  added  and  mixed  to  remove  air
bubbles. A 110 ± 10 µm thick layer of the composite coating
was  placed  on  the  prepared  steel  plate  and  allowed  to  cure
for five days at room temperature.

 Testing and characterization
Atomic  force  microscopy  (AFM,  HITACHI  SU5000+)  and

scanning electron microscopy were used to examine the mi-
croscopic morphology of the composite coating (AFM, Bruker
Dimension  com).  The  structural  makeup  of  the  composite
coatings was identified with X-ray diffraction (XRD, BruckerD8
Advance).  Using  a  Fourier  transform  infrared  spectrometer
(FTIR,  Bruker),  the  Fourier  transform  infrared  (FTIR)  spectra
were  captured  in  the  400–4000 cm−1 wavenumber  range.  A

PARSTAT MC electrochemical workstation was used to gener-
ate polarization curves and perform AC impedance tests (EIS).
A  three-electrode  system  was  used  for  AC  impedance  tests
(EIS);  the working electrode was attached to a piece of Q235
carbon steel  that  had been coated with the composite  coat-
ing,  while the reference electrode was a polymeric electrode
and  the  counter  electrode  was  a  graphite  electrode.  Atomic
force microscopy (AFM, HITACHI SU5000+) and scanning elec-
tron microscopy were used to examine the microscopic mor-
phology  of  the  composite  coating  (AFM,  Bruker  Dimension
com).  The  composite  pore  size  distribution,  specific  surface
area,  and  pore  volume  were  all  determined  with  an  ASAP
2460 BET-specific  surface  area  analyser  (Mike,  USA).  The  test
gas utilized was N2, and the relative pressure ratio (P/P0) was 0
to 1.  The release profile  of  the corrosion inhibitor  was evalu-
ated in  a  NaCl  solution with a  UV-2600 UV tester  (Shimadzu,
Japan) over the wavelength range 195 cm−1 – 260 cm−1. OCA
data physics was used to evaluate the hydrophobicity of  the
composite  coating,  and  a  20-contact  angle  tester  was  used.
Cold  monochromatic  LEDs  with  adjustable  brightness  were
employed as the light sources.

 Results and discussion

 Characterization and analysis of 8-HQ@SiO2@AK
The FTIR spectra of 8-HQ@SiO2@AK samples produced with

various  reaction  temperatures,  periods,  and  pH  levels  are
shown  in Fig.  1.  As  demonstrated  in Fig.  1a,  8-HQ@SiO2@AK
exhibited  a  peak  in  the 1250–1600 cm−1 wavelength  region,
which was associated with the C–O, C–N, and C=N stretching
vibrations  of  the  small  organic  molecule  8-HQ[19,20].  The
strong  –CH3 peak  in 2750 cm−1 to 3250 cm−1 wavelength
range indicated successful loading of the 8-HQ into SiO2@AK.
The characteristic peaks of 8-HQ changed from double peaks
to single peaks in the composite product and were observed
at 1250 cm−1 to 1500 cm−1,  as seen in Fig. 1b-d; this resulted
from  the  increased  reaction  time  and  reaction  temperature
and  changes  in  the  acidity  and  alkalinity  of  the  solution,
which may have disrupted some of the structure of 8-HQ and
caused  dissolution.  The  reaction  byproducts  were  subjected
to XRD analyses to determine the material structure.

The XRD data for 8-HQ@SiO2@AK samples made under vari-
ous reaction conditions are shown in Fig. 2. Fig. 2a shows that
the  XRD  curves  for  8-HQ@SiO2@AK  and  APTES@Kaolin  were
comparable,  and  the  intensity  of  the  distinctive  Kaolin  peak
was stronger than that of SiO2@AK. This might have resulted
from a reaction of the organic substance with acid or the re-
moval of the silica gel from the surface of the 2D material. The
XRD  plots  for  8-HQ@SiO2@AK  samples  produced  at  various
pH values, reaction times, and temperatures are shown in Fig.
2b-d. Changes in the reaction temperature yielded partial re-
action at 80 °C but little change for the other reaction temper-
atures. Changes in the reaction time had no discernible effect
on the XRD data, which may have occurred because a high or
low H+ concentration in the solution would limit the extent of
the reaction with the organic matter on the surface of the 2D
material.

The UV spectra for 8-HQ@SiO2@AK samples produced with
various  reaction  temperatures,  periods,  and  pH  levels  are

DOI: 10.54227/mlab.20230018

Materials Lab 2024, 3, 230018 230018 (Page 2 of 10)



 

Tr
an

sm
it

ta
n

ce
 (%

)

a

4 000 3 500 3 000 2 500
Wavenumber (cm−1)

2 000 1 500 1 000 500

8-HQ 8-HQ@SiO2@AK, pH=4, 6 h

SiO2@AK

100 °C

C-C
C-N

80 °C

60 °C

Tr
an

sm
it

ta
n

ce
 (%

)

b

4 000 3 500 3 000 2 500
Wavenumber (cm−1)

2 000 1 500 1 000 500

8-HQ@SiO2@AK, pH=4, 60 °C

18 h

12 h

6 h

C-C
C-N

-CH2

-OH

Si-O

Tr
an

sm
it

ta
n

ce
 (%

)

c

4 000 3 500 3 000 2 500
Wavenumber (cm−1)

2 000 1 500 1 000 500

8-HQ@SiO2@AK, 6 h, 60 °C

pH=3

pH=4

pH=5

C-C
C-N

-CH2

-OH
Si-O

Tr
an

sm
it

ta
n

ce
 (%

)

1 750 1 500 1 250
Wavenumber (cm−1)

C-C
C-N

 
Fig. 1    FTIR diagrams of prepared 8-HQ @SiO2@AK in different conditions: a different reaction temperature; b different reactant time and c dif-
ferent reaction pH.
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Fig. 2    XRD diagrams of 8-HQ@SiO2@AK prepared in different conditions: a comparison chart before and after modification; b different reac-
tion pH; c different reaction time and d different reactant temperature.
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shown in Fig. 3a–i. The figures show that the absorption of 8-
HQ steadily increased over the course of 24 hours. Several 8-
HQ loading sites and loading intensities seen for various reac-
tion conditions resulted in different release rate patterns. The
findings indicate that while the reaction time had limited im-
pact  on  loading,  the  reaction  temperature  and  pH  had  sub-
stantial  impacts.  A  pH  of  3,  a  reaction  temperature  of  80  °C,
and  a  reaction  duration  of  6  h  were  selected  to  prepare
samples for additional performance evaluation.

The SEM images of the SiO2@AK and 8-HQ@SiO2@AK com-
posite  surfaces  are  shown  in Fig.  4a-b and c-d,  respectively.
The  composites  both  comprised  two-dimensional  materials
with small surface holes and nanoparticles of various sizes ad-
hering to the surface. This indicated that the addition of 8-HQ
did not alter the original structure and maintained the disper-
sion of the 2D nanomaterial composite in the epoxy resin. The
morphological changes of the composites after the modifica-
tion were negligible, and no obvious agglomeration appeared.

Thermogravimetric  plots  for  the  SiO2@AK  and  8-
HQ@SiO2@AK  composites  are  shown  in Fig.  5.  The  TG  and
DTG curves for  8-HQ@SiO2@AK are shown in Fig.  5b.  A small
weight  loss  occurred  between  96  °C  and  524  °C  due  to  acid
washing  of  the  silica  gel  in  the  material  during  the  reaction;
this  removed  many  hydroxyl  groups  and  bound  water  and

some  of  the  adsorbed  8-HQ,  which  replaced  some  of  the
amino  groups  and  was  inserted  between  layers  of  kaolin
clay[21]. The mass loss occurring below 96 °C was primarily at-
tributed  to  adsorption.  The  covalent  bonds  at  the  material
edges  were  broken,  the  surface  silanes  were  lost,  and  the
weakly  adsorbed  and  reactive  8-HQ  was  decomposed.  The
amount of surface-adsorbed silane lost was substantially less
than  that  of  SiO2@AK,  which  suggested  that  8-HQ  success-
fully  replaced the amino groups.  According to the FTIR data,
additional heating dehydroxylated the composite.

The isothermal adsorption-desorption curves and pore size
distributions of the composite are shown in Fig. 6. As seen in
Fig.  6a,  the composite still  exhibited a loose lamellar  particle
structure with slit-like  pores  because the adsorption and de-
sorption curves of the 8-HQ@SiO2@AK branch were similar to
those  of  SiO2@AK  and  APTES@Kaolin  and  exhibited  H3  type
hysteresis  loops  with  increasing  pressure.  Compared  to
SiO2@AK,  which  retained  a  mesoporous  structure,  the  pore
sizes  of  8-HQ@SiO2@AK  were  slightly  smaller,  as  shown  in
Fig.  6b and Table  1.  This  likely  occurred  because  the  small
molecules of 8-HQ filled the surface micropores. The results of
the  SEM  study  were  compatible  with  the  8-HQ@SiO2@AK
pore  size  distribution  curves,  specific  surface  area,  and  total
pore volume, which did not differ  significantly from those of
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Fig. 3    UV diagrams of 8-HQ@SiO2@AK prepared in different conditions: a-c different reaction pH; d-f different reaction time and g-i different
reaction temperature.
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SiO2@AK.  This  suggested  that  the  composites  retained  their original structures.
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Fig. 4    SEM images of a-b SiO2@AK and c-d 8-HQ@SiO2@AK.
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Fig. 5    TG and DTG curves of a SiO2@AKand b 8-HQ@SiO2@AK.
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Fig. 6    N2 adsorption and desorption isotherm of a 8-HQ@SiO2@AK and b the corresponding pore size of materials.
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 Characterization and analysis of 8-HQ@SiO2@AK/EP
Fig.  7 shows  the  water  contact  angle  data  for  samples  of

the  composite  coating  8-HQ@SiO2@AK/EP  prepared  under
different conditions. Fig. 7a-d shows that the hydrophobicity
of  the  composite  coating  slightly  decreased  after  the  intro-
duction of the small molecule 8-HQ into SiO2@AK, which may
have been due to a reaction of the gel material on the surface
of  the  2D  material  under  acidic  conditions,  exposure  of  the
hydrophilic -OH groups inside the material and an increase in
the number of hydroxyl radicals on the surface of the materi-
al,  which  are  consistent  with  the  FTIR  data. Fig.  7b-d shows
the  hydrophobicities  of  composite  coatings  prepared  with
different reaction times, pH values and temperatures. The hy-
drophobicity  of  the  8-HQ@SiO2@AK/EP  decreased  with  in-
creasing reaction time and temperature because longer reac-
tion times and higher temperatures caused more decomposi-
tion of the gel material on the surface of the 2D material un-
der  acidic  conditions,  and  more  hydrophilic  groups  on  the
surface  and  inside  of  the  material  were  exposed;  however,
changing  the  pH  of  the  reaction  solution  had  little  effect  on
the hydrophobicities.

Fig. 8a-c shows the AFM 3D images for the APTES@Kaolin/
EP,  SiO2@AK/EP  and  8-HQ@SiO2@AK/EP  coatings,  respect-

ively,  and Fig.  8d-f shows the corresponding 2D images.  The
surface  roughnesses  of  the  composite  coatings  were  ana-
lysed  by  AFM,  and  the  2D  and  3D  plots  showed  that  after
loading the 8-HQ organic small molecules on the SiO2@AK/EP,
the  surface  micropores  of  the  8-HQ@SiO2@AK/EP  composite
coatings were reduced and evenly distributed, while the sur-
face defects of the SiO2@AK/EP were larger and unevenly dis-
tributed  due  to  reactions  of  the  2D  material  surface  under
acidic conditions. The reaction of the gel on the surface of the
2D  material.  As  seen  from Table  2,  the  root  mean  square
roughness  Rq  and  the  mean  surface  roughness  Ra  of  8-
HQ@SiO2@AK/EP  were  slightly  lower  than  those  of
SiO2@AK/EP  due  to  the  8-HQ  loaded  onto  the  reactive  sites;
this  improved the compatibility  between the composite  and
the epoxy resin, as suggested by the hydrophobicity analyses.

Fig. 9a-c shows the surface morphologies of the APTES@Ka-
olin/EP,  SiO2@AK/EP and 8-HQ@SiO2@AK/EP composite coat-
ings.  The  SEM  images  of  8-HQ@SiO2@AK/EP  showed  a  uni-
form  distribution  and  less  agglomeration  of  the  composite
material  in  the  epoxy  coating  compared  to  that  of
SiO2@AK/EP. Introduction of the small molecule corrosion in-
hibitor  8-HQ  improved  the  compatibility  of  the  composite
with the epoxy coating and made the surface of the compos-

 

Table 1.    N2 isothermal adsorption and desorption test results of materials.

Compound Material Average Pore Diameter (nm) SSA (m2 g−1) Pore Volume (cm3 g−1)

SiO2@AK 24.63 16.32 0.1005
8-HQ@SiO2@AK 22.28 16.31 0.0909
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Fig. 7    Histograms of water contact angle test of SiO2@AK/EP coatings in different reaction conditions: a the water contact angle before and
after modification of composite coatings; b different reaction time; c different reaction pH and d different reaction temperature.
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ite coating smoother, which was consistent with the results of

the AFM analysis.

 8-HQ@SiO2@AK/EP performance tests

 Hardness testing of 8-HQ@SiO2@AK/EP
Table 3 shows the hardness test results for the three com-

posite  coatings  APTES@Kaolin/EP,  SiO2@AK/EP  and  8-

HQ@SiO2@AK/EP.  The  test  results  showed  that  the  8-

HQ@SiO2@AK/EP composite coating had a rating of 6H, which

indicated strong hardness.
 
 

a b c

300 nm 300 nm 300 nm
 

Fig. 9    The SEM images of a APTES@Kaolin/EP, b SiO2@AK/EP and c 8-HQ@SiO2@AK/EP coatings.
 

 
 

Table 3.    The hardness test results of coatings.

Composite Coating APTES@Kaolin/EP AK@SiO2/EP 8-HQ@SiO2@AK/EP

Hardness Class 6H 6H 6H

 

 Adhesion analysis of 8-HQ@SiO2@AK/EP
Using the test method of the national standard GB/T9286-

98,  a  paint  film  scribe  was  used  to  test  the  adhesion  of  the
composite coatings separately. Fig. 10a-c shows the paint film
scratch test data for the APTES@Kaolin/EP, SiO2@AK/EP and 8-
HQ@SiO2@AK/EP  composite  coatings,  respectively.  The
scratches were carefully observed at triple magnification, and
all  three  composite  coatings  showed  no  peeling  at  the  cut
edges  and  adhesion  test  grades  of  0.  The  experimental  res-
ults  showed  that  the  introduction  of  the  organic  small  mo-

lecule 8-HQ did not damage the bond between the compos-
ite coating and the substrate and that the 8-HQ@SiO2@AK/EP
coating still exhibited strong adhesion to the steel plate.

 Scratch immersion testing of 8-HQ@SiO2@AK/EP
Fig.  11a-c shows  the  scratch  soak  diagrams  of  the

APTES@Kaolin/EP,  SiO2@AK/EP  and  8-HQ@SiO2@AK/EP  coat-
ings,  respectively.  To  simulate  the  corrosion  of  the  coating
after the breakage in the service environment, the composite-
coated steel  plates were cut  in an "X"  pattern and immersed
in  a  3.5  mass%  NaCl  solution  for  24  h.  At  the  end  of  immer-
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Fig. 8    The AFM images of a APTES@Kaolin/EP; b SiO2@AK/EP and c 8-HQ@SiO2@AK/EP coatings.

 

Table 2.    

Composite Coating RMS Rq (nm) Average Roughness Ra (nm)

APTES@Kaolin/EP 7.04 5.64
SiO2@AK/EP 3.89 3.19

8-HQ@SiO2@AK/EP 3.70 3.09
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sion, the corrosion of the steel plates around the "X" was ob-
served.  After  24  h  of  immersion,  the  composite  coatings
SiO2@AK/EP and 8-HQ@SiO2@AK/EP showed no obvious cor-
rosion,  and  the  steel  plate  surfaces  were  in  good  condition.
This  showed  that  after  introducing  the  organic  small  mo-
lecule 8-HQ into the epoxy resin, the composite coating main-
tained  its  good  anti-corrosion  properties,  and  the  corrosion
resistance of the composite coating was also tested with EIS.

 AC impedance testing of 8-HQ@SiO2@AK/EP
Fig. 12a-f shows Nyquist and Bode plots for the APTES@Ka-

olin/EP,  SiO2@AK/EP and 8-HQ@SiO2@AK/EP composite coat-
ings immersed in a 3.5 mass% NaCl solution for 2,  10 and 30
days, respectively. The graphs show that only a one-time con-
stant was observed in the Nyquist and Bode plots for the dif-
ferent composite coatings immersed at different times, indic-
ating that the composite coatings blocked the corrosive me-
dia  over  the  30-day  immersion  time.  As  the  immersion  time
was  increased,  the  tolerable  arc  radii  of  the  coatings  all
showed  gradual  decreases.  Compared  with  that  for
SiO2@AK/EP, the radius of the permissive arc resistance for 8-
HQ@SiO2@AK/EP  was  significantly  larger,  indicating  that  the
introduction of  the  8-HQ corrosion inhibitor  significantly  im-
proved the corrosion resistance of the composite coating. As
seen  from  the  Bode  plot,  the  impedance  modulus  of  the  8-
HQ@SiO2@AK/EP  composite  coating,  |Z|0.01Hz,  was  approxim-

ately 2.147 × 1010 Ω • cm2, which was significantly higher than
that  of  the  SiO2@AK/EP  composite  coating.  After  30  days  of
immersion,  the  impedance  modulus  |Z|0.01Hz of  8-
HQ@SiO2@AK/EP was approximately  3.662 × 109 Ω •  cm2,  in-
dicating  that  the  small  molecule  corrosion  inhibitor  8-HQ
slowed the corrosion rate of the metal.

 TUNEL test of 8-HQ@SiO2@AK/EP
The  polarization  curves  for  the  APTES@Kaolin/EP,

SiO2@AK/EP and 8-HQ@SiO2@AK/EP coatings subjected to 30
days of immersion in a 3.5 mass% NaCl solution are shown in
Fig. 13, and Table 4 shows the corrosion potentials (Ecorr) and
corrosion  current  densities  (Icorr)  for  the  composite  coatings.
As seen from the graph,  the Ecorr value of  −2917 V for  the 8-
HQ@SiO2@AK/EP composite coating was higher than the cor-
rosion  potentials  of  the  APTES@Kaolin/EP  and  SiO2@AK/EP
coatings.  The  Icorr value  of  the  8-HQ@SiO2@AK/EP composite
coating was 1.060×10−13 A •  cm−2,  which was slightly smaller
than  that  of  the  SiO2@AK/EP  composite  coating.  The  higher
Ecorr and lower Icorr values indicated a higher corrosion resist-
ance  for  the  coating.  The  results  showed  that  the  introduc-
tion of the small  molecule corrosion inhibitor 8-HQ inhibited
corrosion and thus improved the corrosion protection of the
composite coating.

 

a b c

 
Fig. 10    Paint film cross-cut test pictures of a APTES@Kaolin/EP, b SiO2@AK/EP and c 8-HQ@SiO2@AK/EP coatings.

 

a b c

 
Fig. 11    Scratch immersion test images of a APTES@Kaolin/EP, b SiO2@AK/EP and c 8-HQ@SiO2@AK/EP coatings.
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 Conclusions

In this study, SiO2@AK and the small molecule corrosion in-
hibitor 8-HQ were used as raw materials to prepare the com-
posite 8-HQ@SiO2@AK via a hydrothermal reaction run under
an acidic environment for inorganic particle modification. The
composite  coating  8-HQ@SiO2@AK/EP  was  prepared  by
adding the composite as a filler into the epoxy resin. The mor-
phologies,  hydrophobicities,  surface  roughnesses  and  elec-
trochemical  properties  of  the  composite  coatings  were  also
investigated, and the following conclusions were drawn.

(1)  The  composites  were  analysed  by  FTIR,  XRD  and  TGA,
and the results showed that 8-HQ was successfully loaded in-
to  SiO2@AK  with  few  changes  in  the  structures  of  the  com-
posites.

(2) Due to the entry of small molecules 8-HQ into the pores
on the material surface, the average pore size of the compos-
ite  material  decreased  from  24.63nm  to  22.28nm.  The  total
pore  volume and specific  surface  area  did  not  show signific-
ant changes, indicating that the composite material structure
was maintained.  And at  a  pH of  3,  a  reaction temperature of
60  °C,  and a  reaction time of  7  hours,  the  maximum loading
capacity of 8-HQ was reached.

(3)  The  tests  of  hydrophobicity,  hardness  and  adhesion
showed  that  the  hydrophobicity  of  8-HQ@SiO2@AK/EP  was
lower  than  that  of  SiO2@AK/EP  due  to  decomposition  of  the
2D surface  material  under  acidic  conditions  and exposure  of
the  hydrophilic  groups.  After  30  days  of  immersion,  the  im-
pedance  modulus|Z|0.01Hz was  3.662×109 Ω·cm2,  indicating
that  the  composite  coating  8-HQ@SiO2@AK/EP  provided  the
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Fig. 12    The Nyquist and Bode diagrams of 8-HQ@SiO2@AK/EP coating immersing in 3.5% NaCl solution for a-b 2 days, c-d 10 days and e-f 30 days.
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best corrosion protection.
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Fig.  13    Polarization  curves  of  APTES@Kaolin/EP,  SiO2@AK/EP
and  8-HQ@SiO2@AK/EP  coatings  immersed  in  3.5%  NaCl  solu-
tion for 30 days.

 

Table 4.    

Composite Coating Ecorr (V) Icorr (A cm−2)

APTES@Kaolin/EP −0.4509 4.785×10−12

SiO2@AK/EP −0.3911 1.230×10−13

8-HQ@SiO2@AK/EP −0.2917 1.060×10−13
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