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This work presents the performance of a SiO2-epoxy nanocomposite lining for the anticorrosion of the concrete structures in sewer
networks. Nanocomposite lining on the concrete substrate surface of the 15 phr (part per hundred epoxy resin) amine-cured epoxy
polymer containing 3.0 phr of nano-SiO2 was prepared by intercalating epoxy into the SiO2 via direct mixing process. The silica
exfoliation was monitored by X-ray diffraction (XRD) and transmission electron microscopy (TEM). The barrier feature of
epoxy the base nanocomposite against water and sulfuric acid solution was evaluated. The results showed that the
nanocomposite lining was of a great barrier against these corrosive environments due to the intercalation and exfoliation caused
by the dispersion of the SiO2 nanoparticles into the epoxy matrix. The rate of the H2SO4 into the nanocomposite lining was also
investigated by measurement of the depth of the sulfur element penetrated layer using the coupled Scanning Electron
Microscopy (SEM)/Energy dispersive X-ray spectrometer (EDS). Deterioration behavior of the adhesion strength of the
nanocomposite lining was studied. The nanocomposite lining shows a significant improvement of bond strength in comparison
to the neat epoxy lining. The durability of the nanocomposite lining adhesion when the lining systems exposed to water and the
sulfuric acid solution is also improved significantly.

1. Introduction

Nowadays, as a part of living standards, sewer systems are
implemented for the collection and transportation of waste-
water to treatment facilities. Most of these piping systems
are constructed of concrete since concrete is compatible with
the environment and the cost-effectiveness. For example, in
Australia, it is approximately 40% of 117,000 km of sewerage
pipeline constructed from concrete while in Germany, con-
crete material accounted for 46% of the material structure
used for sewer networks [1, 2]. However, sewer concrete
structures are rapidly degraded because of the acidic environ-
ments generated by bacterial activities [3]. This degradation
is well-known as microbially induced concrete corrosion
[4–6]. In sewer networks, hydrogen sulfide formed by
sulfate-reducing bacteria (SRB) is released to the sewer air,
absorbed/adsorbed into the moisture layer on the concrete
walls exposed to air, then, it was oxidized to sulfuric acid by

the activity of sulfide-oxidizing bacteria (SOB), corroded
concrete [1]. The sulfuric acid reacts with the silicate and
carbonate compounds to form gypsum via the following
reactions:

H2SO4 + CaO:SiO2:2H2O⟶ CaSO4 + Si OHð Þ4 +H2O

H2SO4 + CaCO3 ⟶ CaSO4 +H2CO3

H2SO4 + Ca OHð Þ2 ⟶ CaSO4 +H2O

ð1Þ

The formation of gypsum leads to an increase of approx-
imately 124% in volume weakened the concrete structure [7].
More destructively, the subsequent reaction between gypsum
and tricalcium aluminates within the cement matrix took
place and forms the mineral Ettringite. Since the mineral
Ettringite creates an extremely high expansion in volume,
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up to 700% [7, 8], the internal cracking and pitting of the
concrete occurs, making an increase of the surface reaction
area and then facilitates easier penetration of moisture, acids,
and microorganisms into the concrete structure. The corro-
sion rate of sewer concrete structures is in a range of 1 to
10mm/year up to 10mm/year [9]. Loss in concrete volume,
cracking, and even collapse of sewer concrete structure
are reported by this corrosion process [6, 9–13]. Globally,
billions of dollars per year are spent on premature
replacement or rehabilitation of the corrosion sewer con-
crete structures [14].

Current strategies for controlling sewer corrosion are
focused on (i) preventing H2S production and its partition
from the sewer liquid phase through the dosing of antimicro-
bials, iron salts, pH elevating compounds, and oxidants (i.e.,
oxygen and nitrate) to the sewage; (ii) reducing the H2S con-
centration in sewer air through forced ventilation; (iii) and
applying the surface treatment on concrete sewers [14].
Among these strategies, the surface lining/coating can be
used to provide long-term effective protection of concrete
structures especially against corrosion [3, 15, 16]. Polymeric
coating/lining protective materials (e.g., polyurethane, epoxy,
and chlorinated rubber) avoid concrete deterioration
exposed to sulfuric acid [16]. Epoxy is a broad family of che-
micals with differing physical and chemical properties. The
main features that impact on its durability include curing
agents (e.g., amine, amide, cycloaliphatic), solvents, and
fillers. Epoxies generally have excellent mechanical proper-
ties and high chemical resistance [17]; hence, the resins have
been widely applied in corrosion protection. Another advan-
tage of these materials in the lining application is their easily
being lined on the concrete structure without the require-
ment of the high-pressure equipment due to its low viscosity.
However, fully cured epoxy resins formulations are brittle
and have high water uptake [18]. To overcome those disad-
vantages, a dispersion of inorganic nanoparticles into an
epoxy continuous phase may improve barrier property to
the sulfuric acid solution and moisture. The reports for epox-
y/TiO2 and Latex/silica conducted by Rong et al. and Ng et al.
show that the use of nanofillers has advantages, such as
improvements in scratch, abrasion, heat, radiation, and
swelling resistance; a decrease in water permeability; and,
an increase in hardness, weatherability, and elastic modulus
when compared to conventional organic coatings containing
micro fillers [19–21]. Shi et al. in the study of the effect of
nanoparticles on the anticorrosion and mechanical proper-
ties of epoxy coating concluded that the presence of silica
nanoparticles was the most effective way of enhancing the
mechanical strength of coatings and the second most effec-
tive in terms of the improvement of anticorrosive properties
[22]. In another study, an improvement in the mechanical
properties (wear and impact resistance) of nanosilica-based
coatings as compared with their micro silica-based equiva-
lents was reported [23]. Nikje et al. prepared SiO2-
reinforced epoxy composite coatings using in situ polymeri-
zation and pointed out an increase in both the thermal and
mechanical properties of the modified coating in comparison
to unmodified coatings [24]. A basalt flake modified epoxy
coatings incorporated with 3% nanosilica showed excellent

chemical and mechanical performance in a report published
by Luo et al. [25].

When an epoxy-silica nanocomposite lining exposure
long to the environment for a long time, degradation pro-
cesses such as chemical degradation, reduction of mechanical
properties, etc. may occur. The environment penetration into
a polymer composite is influenced by the composite’s charac-
teristics such as density and the order of pore, defects or con-
tamination, and the polymer-environment affinity [26, 27].
In the studies of liquid molecular transport into a polymer
membrane, diffusion has been classified as Type I (Fickian
type), Type II (relaxation-controlled type), and non-Fickian
(anomalous type) [28–32]. Penetrant molecules diffuse into
the membrane until the concentration is equal over the whole
of the membrane (saturation state). When Fickian diffusion
is assumed, the time-dependent relative concentration of
the liquids into the polymer membrane can be expressed by
Equation (2) [33].

C t,xð Þ
C∞

= 1 − 4
π
〠
∞

m=0

1
2m + 1ð Þ exp −

D 2m + 1ð Þ2π2t

l2

" #

∗ sin 2m + 1ð Þπx
h

� �
,

ð2Þ

where Cðt, xÞ and C∞ are the concentrations of the liquid
inside the membrane at time t, position x, and saturate state;
D is diffusivity, which depends on the nature of liquid-
polymer interactions; and h is the thickness of the mem-
brane. The boundary conditions for solving Equation (2)
are: C = 0 when t = 0, 0 ≤ x ≤ h; C = C∞ when t > 0, x = 0,
x = h; and ∂C/∂x = 0 when x = 0, t > 0. The diffusion coef-
ficient has been calculated by Equation (3) [34].

Mt

M∞
= 4
h

ffiffiffiffiffi
Dt
π

r
, ð3Þ

where Mt and M∞ are the mass uptake at time t and sat-
uration state, respectively. The diffusivity can be calculated
from the initial slope of the environmental uptake Mt/M∞
versus time (t1/2/h) as

D = π

16
Mt/M∞ffiffi

t
p

/h

� �2
: ð4Þ

The environmental uptake content may predict by using
the equation as follows [35]:

Mt

M∞
= 1 − exp −7:3 Dt

h2

� �0:75
" #

: ð5Þ

The high-order absorption of water or exposed environ-
ment is a major disadvantage of the lined layer. Furthermore,
the absorbed water is considered as a main factor that
resulted in the degradation of the functional, structural, and
mechanical properties of the composites [36–38]. Therefore,
the understanding of the diffusion behavior of water in a
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particular epoxy-silica nanocomposite system is needed for
the application of the material lining/coating industry.

This study reports our findings on the degradation of
epoxy-silica nanocomposite lined on concrete substrate
exposure to sulfuric acid solution for the purpose of the anti-
corrosion of sewerage concrete.

2. Materials and Methods

2.1. Materials. Nanosilica fillers branded Aerosil R812 from
Evonik having an average diameter of 7 nm, a specific area
of 260m2/g and purity > 99:8%. The surface of this material
was modified with hexamethyldisilazane. The epoxy matrix
was a mixture of a diglycidyl ether of bisphenol F (DGEBF)
epoxy resin (EPOKUDO YDF-175, Kukdo Chemical), hav-
ing an equivalent mass of 160-180 (grams of resin containing
one gram equivalent of epoxide) and a polyetheramine cur-
ing agent (Jeffamine D230, Hunsman Corporation). The sol-
vent used for nanocomposite processing was reagent grade
toluene (Aldrich) with purity > 99:5%. Table 1 shows the
mixture proportions for the protective lining materials.

2.2. Preparation of Immersion Samples. Free-standing nano-
composite sheets having 1.0mm thickness of the 15 phr (part
per hundred epoxy resin) amine-cured epoxy polymer con-
taining 3.0 phr of nano-SiO2 were prepared. The SiO2 nano-
fillers were first sonicated in a large amount of toluene for 30
minutes using an 80 kHz tip sonicator. After adding epoxy
resin, the nanofillers suspension was ultrasonicated by a
magnetic stirrer at speed of 2500 rpm for 1 hour. The amine
curing agent was then added to the suspension. The mixture
stirred and sonicated continuously for another hour. After
the mixing step, both the nanosilica-free and epoxy/nanosi-
lica mixture was degassed for 1 hour at room temperature
then drawn down on polyethylene terephthalate mold to
form sheets. The sheets were cured at ambient conditions
(24°C and 75% relative humidity approximately) for 72hrs
followed by postcuring for 4 hrs at 110°C in an air circulating
oven. The immersion test samples having dimensions of
60 × 25 × 1:0mm were prepared from the fabricated sheets
then dried up at 50°C for 72hrs to ensure that the remaining
moisture/gas was removed before used for immersion test.
Unfilled (neat) epoxy sheets were also prepared in the
same manner.

2.3. Preparation of Lining Specimens. The concrete substrates
were cast from mix design (Table 2) prepared in compliance
with the Vietnamese Standard [39]. The substrate’s side
length and thickness are 150 × 150 × 50mm. The substrates
were cured in moist air for 24 hrs and then cured in lime-
saturated water for 28 days. After curing, the substrates were
dried in an oven at 60°C for 7 days to achieve similar and sta-
ble initial water content [40]. The top surface of the substrate
slabs was disk-grinded to a roughness level corresponding to
the concrete surface profile (CSP), as described by the Inter-
national Concrete Repair Institute (ICRI) [41]. The degassed
mixtures (prepared in the same manner as the sheet forming)
drawn down on the sandblasted surfaces to form the lining
film. The lining specimens then were cured at ambient condi-

tions (24°C and 75% relative humidity approximately) for
72 hrs followed by postcuring for 4 hrs at 110°C in an air cir-
culating oven. The thickness of the lining film was about
1.0mm.

2.4. Environmental Uptake Experiment. The mass uptake
experiment was conducted using an apparatus as illustrated
in Figure 1. The mass uptake of samples having dimension
60 × 25 × 1:0mm immersed separately in deionized water
and 10wt.% sulfuric acid medium at 30 and 50°C using con-
stant temperature bath was measured by recording the
amount of the solution absorbed within a fixed interval of
immersion time. The samples were periodically taken out,
wiped with filter paper to remove excess solution then were
kept for 1 h at room temperature before their weights, the
wet condition, were carried out. Solution content was deter-
mined by Equation (6).

Mt %½ � = Wt −W0
W0

:100, ð6Þ

where Mt , Wt , and W0 are the solution content at a time t,
weight of the immersed sample at the time t, and initial
weight, respectively.

2.5. Adhesion Degradation Test (Pull-Off Method). The
epoxy-silica nanocomposite lined concrete substrates con-
ducted to the degraded adhesion test as shown in Figure 2.
The temperature of environmental exposure was kept at 30
and 50°C constantly. The concentration of H2SO4 solution
was 10% mass fraction. An interval time, the specimens were
taken out for pull-off test.

The adhesion strength between the lining material of the
neat and the epoxy-silica nanocomposites and the concrete
substrate was measured by the pull-off of the cored samples
using the automatic adhesion tester (Elcometer F510S (Elc-
ometer, UK) pull-off adhesion tester) in accordance with
ASTM D7234-19 [42]. According to the standard, the linings
and concrete substrate were core-cut through lining repair
material to at least 10mm below the interface. A cylindrical
steel disk of 50mm diameter was glued to using epoxy adhe-
sive. Then, the pull-off load from the tensile loading device
was applied to the tested specimen with a rate of 0.05MPa/s
until failure occurred. During the test, the load on the fixture
was increased in a manner that was as smooth and continu-
ous as possible. The pull-off adhesive strength was calculated
by dividing the tensile pull-off load at failure by the circular
cutting area of the tested specimen. The failure modes were
recorded. If the failure occurred at the concrete–lining inter-
face, then, the true bond strength could be assessed. If the

Table 1: Mixture proportions for the protective lining materials.

Sample
Mixture proportions

(part per hundred resin—phr)
DGEBF Curing agent Nanosilica

NS-0 100 15 0

NS-3 100 15 3
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failure occurred in either the concrete substrate or lining
material, then, the tensile strength of the failing material
could be assessed and the interface bond strength was under-
stood to be higher than the value achieved. At least three
valid tests were completed, and the results averaged for any
particular failure mode. Equation (7) was used to calculate
the pull-off bond strength.

f bond =
Pfailure
A

, ð7Þ

where Pfailure is the load at failure and A is the pull-off area.

2.6. Characterization. The phase identification of the incor-
porated SiO2 nanoparticles in the epoxy matrix was deter-
mined by an X-ray diffractometer (Shimadzu XRD-6100,
Japan) with CuKα as radiation source (λ = 1:5405 angstrom)
with a scanning rate of 2° per min and 2theta (2θ) angle range
from 10° to 60° at current 30.0mA and voltage 40.0 kV.
Transmission Electron microscope (TEM) photographs were
taken with a JEOL JEM 2010F using an acceleration voltage
of 200 kV. The penetration depth of the sulfur (S) element
was monitored using the coupled Scanning Electron Micros-
copy (SEM)/Energy dispersive X-ray spectrometer (EDS)
JEOL JSM-5310LV analysis of the cross-section of the
immersed samples in sulfuric acid.

3. Results and Discussion

3.1. Presence of Incorporated Nanosilica Particle. The XRD
patterns for the epoxy-SiO2 nanocomposites samples (ESP-
3) is shown in Figure 3. The broad peak 15-20 degree

contributes to the amorphous nature of the epoxy while
the diffraction peak at 2θ = 27:44° found in epoxy-silica
nanocomposites corresponds to the crystalline nature of
SiO2 particles. It implies that the silica nanofillers embed-
ded in the epoxy matrix.

The peak was shifted to a lower value (18.47°) when
nanosilica incorporated in the epoxy base, indicating the
epoxy was seemly intercalated into the nanosilica during
nanocomposite fabrication. It could lead to expand or exfoli-
ate the nanosilica particles.

TEM images of the sample containing 3 phr of nanosilica
are shown in Figures 4(a) and 4(b). The dark lines considered
to be the cross-section of silicate and confirm that there is
prevalent of single exfoliated silicate layers. The silica was
well dispersed throughout the polymer with some agglomer-
ation (see Figure 4(a)) while at close view by high magnifica-
tion TEM (Figure 4(b)); there were two types of regions: one
consisting of both intercalated and exfoliated structures and
another consisting both intercalated tactoids and a few indi-
vidual layers.

From the evidence obtained by XRD and TEM analy-
sis, it can be concluded that although the full exfoliation
was not attained, the fabricated silica-epoxy composites are
nanocomposites.

3.2. Environmental Uptake Behavior. The materials (neat
epoxy, silica-epoxy nanocomposite) immersed into water
and into the 10.0wt.% sulfuric acid solution at 30°C and
50°C. The gained weight at the time (Mt) comparing to the
saturated weight (M∞) due to the solution uptake versus
the square root of time over the thickness of samples are plot-
ted as seen in Figures 5–8. It can see that (Mt/M∞) increased
linearly with square root times per thickness before satura-
tion occurred exception of the epoxy-silica nanocomposite
immersed in the 10wt.% H2SO4 solution at 50°C. A second
stage of diffusion seems to have occurred when the nanocom-
posite samples immersed in the acid solution at 50°C after
about 943 hours. Noticeably, the diffusion coefficient, D, is
estimated by using Equation (4). The mass uptake at the
equilibrium for the neat epoxy is around 1.78% for immer-
sion in water and around 11.87% for immersion in the
H2SO4 acid solution when the temperature was 30°C. An
increase in temperature increased equilibrium uptake.

The higher order of the mass uptake at the equilibrium
for immersion in the sulfuric acid is due to the formation of
tertiary amine salts [43]. The equilibrium only attained when
all the amines in the resins converted to amine salts [44]. The
mass uptake at the equilibrium of the nanosilica samples, for
both immersed into water and into the H2SO4 solution, was
higher order than those of the neat epoxy samples may be

Table 2: Concrete mix design and properties.

W/Ca

Constituentsc (kg.m-3)
Compressive

strength, (MPa)Cementb
Aggregates

SuperplasticizerCrushed aggregate
(max. 10mm)

Crushed manufactured
sand

Natural river
sand

Natural fine
sand

Total

0.42 415 748 372 478 287 1885 4.2 62
aWater/cement mass ratio. bConstituents are given as mass ratio needed to form 1m3 of concrete. cVietnamese standard Portland cement (PCB40).

Water bath

Test
pieces

Hot water
(30 or 50 °C)

De-ion water/
H2SO4 acid

 solution

Teflon
holder

Figure 1: Schematic of the mass uptake apparatus.
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Environmental
solution

Temperature
thermocouples

Heater

Environmental
addition

Clamping device
Lining layer

Figure 2: Schematic of the adhesion degradation test apparatus.
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Figure 3: XRD patterns of the samples.
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due to the higher density of free volume and/or microvoid
resulted from agglomerations of the nanosilica particles
within the epoxy base as found by the XRD analysis or from
the change of viscosity of the mixture and the evaporation of
the solvents during the fabrication process. As expected, the
performance regarding the enhancement of the barrier to
water and the acid solution of the added nanosilica samples

is confirmed. The diffusion rate of environmental molecules
into the nanocomposites was smaller than those into the neat
epoxy. The incorporation of the nanosilica increased the tor-
tuosity path may be contributed to this improvement.

3.3. The H2SO4 Penetrated Depth. The sulfuric acid solution
consists of H2SO4 and water components. EDS combined

500 nm

(a)

20 nm

(b)

Figure 4: TEM images of (a) NS-0 and (b) NS-3.
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Figure 5: Mass gained in the de-ion water at 30°C as a function of square root time.
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Figure 6: Mass gained in the de-ion water at 50°C as a function of square root time.
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Figure 7: Mass gained in the H2SO4 10wt.% at 30°C as a function of square root time.
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SEM analysis used for investigation of the penetration of
the H2SO4 component to the samples by detection of sulfur
element (S) on cutting cross-section of the immersed sam-
ples. Figure 9 shows a typical image of the penetrated S dis-
tribution within the immersed samples. Figures 10 and 11
present the penetration depth as a function of the square
root of time. It can see that the depth is linearly propor-
tional to the square root of immersion time. If the penetra-
tion rate, λ, can be defined as the slope of the penetration
depth (mm) and the square root time (hour), the penetra-
tion rate can be estimated (see Figures 10 and 11). The
results are in accordance with the diffusion rate, meaning
that H2SO4 molecules diffused into the materials along with
water molecules.

3.4. Deterioration of Adhesion Strength. The efficiency of
adhesion depends on many factors, such as surface treat-
ment, chemical composition and viscosity of the adhesive,
application technique, and hardening or cross-linking pro-
cess of the adhesive itself. Adhesion mechanisms primarily
consist of interlocking of the adhesive with the surface of
the support with the formation of chemical bonds
between polymer and support. For the case of epoxy-,
epoxy-silica nanocomposite linings, the governing adhe-
sion mechanisms are mechanical interlocking and chemi-
cal bonding.

Figure 12 shows the relationship between average bond
strength and the square root of time for specimens exposed
to the 10wt.% H2SO4 solution at 30°C and 50°C. The results
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Figure 8: Mass gained in the H2SO4 10wt.% at 50°C as a function of square root time.
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H2SO4
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Figure 9: An EDS analysis results of penetrated sulfur element layer
in the polymer.
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show that the degradation behavior of bond strength consists
of the remaining stage and the reduction stage. An enhance-
ment of the bond strength for the epoxy-silica nanocompos-
ite comparing to the neat epoxy was observed. The initial
bond strength of the composite lining was about 3.37MPa,
20% higher than those for the neat epoxy lining.

During exposure to the H2SO4 solution, even though
experimental scatter of the results, there was no obvious

reduction in bond strength up to the time of the equilibrium.
This indicates that no harmful effect of the 10wt.% H2SO4 on
the cohesion between the lining and the concrete substrate
surface due to the barrier function of the linings. Because of
the better barrier feature, the bond strength of the nanocom-
posite lining remained up to 20.6 months and 15.4 months
whereas the bond strength of the neat epoxy lining remained
only up to 8.2 months and 4.1 months at 40°C and 60°C,
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respectively. Thus, the presence of the incorporated silica
nanoparticles in the epoxy matrix was the improvement of
the bond strength as well as lengthen the lining service life.
The failure mode transited from at the concrete to at the
interface in the reduction stage for both lining types (see
Figure 13). The sulfur elements on the interfaces of the sam-
ples in the reduction stage were observed by EDS analysis
(Figure 14). This may confirm the degradation of adhesion
strength resulted from the interface corrosion caused by sul-
furic acid and water.

4. Conclusions

Based on the results of experiments performed on the protec-
tive linings made of epoxy-silica nanocomposites, the follow-
ing conclusions can be drawn:
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Figure 12: Adhesion behavior of lined epoxy and epoxy-silica nanocomposite lined on concrete substrate exposure of the 10wt.% H2SO4
solution.
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Figure 13: Demonstrate of failure modes.
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distribution

Figure 14: EDS analysis image of the sulfur elements on the pull-off
surface of the lining.
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(1) The epoxy-silica nanocomposites fabricated was of
an inhomogeneous degree of exfoliation with a rather
high degree of intercalation. The presence of the
nanosilica can significantly improve the barrier prop-
erties to water and H2SO4 acid solution. The cohesion
improvement of nanocomposite lining obtained,
about 20% higher in comparison with the neat epoxy
lining

(2) The penetration rate of H2SO4 acid into the linings
was estimated regarding to its diffusion into the linings

(3) Deterioration behavior of the lining’s bond strength
was investigated. The silica nanocomposites lining
showed advancement in the remain of the cohesion
on the concrete surface
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