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EXECUTIVE SUMMARY
The combination of photocatalysts with cementitious materials for air pollution
abatement and self-cleaning has gained considerable attention. However, the most popularly
used photocatalytic cementitious composites based on TiO2 achieve the purification function
under ultraviolet sunlight, significantly impeding a broader application of photocatalytic
cementitious composites. In this context, this study focused on developing an environmentally
friendly and durable cementitious system based on synergistic activities of multifunctional
photocatalytic Graphitic carbon nitride (g-C3N4).
The photocatalytic cementitious composites (PCC) were prepared in three manners:
(1) Incorporating g-C3N4 nanosheets (CNNs) in Portland cement at three mixing dosages

(0.5%, 1% and 2% by weight of cement).
(2) Applying CNNs suspension at various concentration levels as the coating on recycled

asphalt pavement aggregate (RAPA).
(3) Applying CCNs suspension with vinyl chloride/vinyl ester/ethylene copolymer (as a

binder) as the coating on cement mortar.
The photocatalytic performance and durability of the newly developed photocatalytic
cementitious composites were evaluated systematically and the results showed that the PCC
indeed hold marked efficiency in terms of NOx removal and self-cleaning when the CNNs were
applied in a proper way. While this work mainly showcases the photocatalytic behavior and
durability of the cementitious composites with CNNs, the obtained knowledge sheds light on
future possibilities to developing a novel systematic strategy towards air-purifying, corrosion
resistant, and self-healing concrete infrastructure.
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CHAPTER 1 INTRODUCTION

1.1 Problem Statement
The US has the world’s largest transportation system, including 6.3 million kilometers of
streets, roads, and highways, as well as numerous bridges and tunnels. While the importance of
the national transportation network is well established, high traffic volume causes major
emissions of harmful gases (NOx, CO) and volatile organic compounds (VOCs) into the air.
These pollutants carry significant risks for public health and account for around 30% of the
United States' total contribution to global warming pollution. These pollutants also travel long
distances to produce secondary pollution such as acid rain, threatening the durability of concrete
infrastructure and vegetation in rural areas. A promising solution lies in the utilization of
semiconductor-based photocatalysis driven by inexhaustible and clean solar energy [1, 2]. As
illustrated in Figure 1.1, by exposing the photocatalyst to solar light, the electrons (e-) in the
valence band transfer to the conduction band leaving holes (h+). The e- and h+ can reach the
surface of the semiconductor particle initiating the redox process. The e- of the conduction band
with strong reducing potential reacts with oxygen to produce superoxide radicals (•O2-). Then the
•O2- reacts with water molecules to form the hydroxyl radicals (•OH). The generated h+ reacts
with hydroxyl groups from water molecules, surrounding the photocatalyst, to form •OH.
Afterwards, the •OH acts as a strong oxidant with the potential to decompose a wide range of air
pollutants (VOCs, NOx, etc.) [3, 4]. However, these semiconductor-based photocatalysts are
usually powdery. In order to ensure photocatalytic performance, nano-sized photocatalytic
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materials are often immobilized onto a supporting material or substrate to prevent loss from
mechanical abrasion and environmental damages.

Figure 1.1 Schematic illustration of the mechanism for photodegradation of the air
pollutants.
Due to their inherent porous nature, cementitious materials are the potential substrate for
the application of photocatalytic materials in building and construction industries. The surfaces
of urban construction are typically exposed to the highest levels of air pollution. Photocatalysis
on building materials is an attractive sustainable strategy to purify air pollutants and endow the
building with self-cleaning and antimicrobial properties [5, 6]. The photocatalytic cementitious
materials used have been fabricated using various preparation methods, such as spray coating
and intermixing. Martinez et al. applied a polymer-matrix-based coating incorporating nano-TiO2
to the different substrates and found that the use of mortar as the substrate showed the best
photocatalytic performance of degradation of NO [7]. Ângelo et al. reported a highly active
photocatalytic paint incorporated with TiO2 for outdoor NOx abatement [8]. Guo et al. studied a
TiO2-intermixed concrete surface layer with good photocatalytic NO removal ability and found
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that harsh abrasion exerted no obvious deterioration to photocatalytic performance of TiO2intermixed cementitious materials [9]. The photocatalytic coatings on building materials often
exhibit a weak adhesion to the substrates, causing poor durability in aggressive outdoor
environments [10]. In contrast, intermixing photocatalyst with cementitious materials is an easy
and universal method for preparing photocatalytic cementitious composites, which harbor robust
resistance to abrasion action and weathering in real-life service [9].
At present, titanium dioxide (TiO2) is the most commonly used photo-catalyst due to its
chemical stability and high reactivity. Thanks to its inert nature and ease of use, TiO2 has been
widely incorporated in building materials to improve the aesthetics and hygiene of urban
infrastructures and to combat the urban air pollution [11, 12]. However, due to its wide band gap
(3.2 eV) TiO2 can only be excited under UV irradiation to form photogenerated electron–hole
pairs. It is unfortunate that only about 4.5% of the solar spectrum falls in the UV range [13]. This
adversely impedes a broader application of TiO2. Moreover, TiO2 was recently reported for the
possibility of causing cancer when inhaled [14]. Therefore, the development of nontoxic
photocatalysts with an outstanding visible light activity for use in building materials is
imperative.
Further concern exists in concrete exposed to atmospheric pollutants and/or deicing salts
in cold regions, which presents a high risk of rebar corrosion and cracking. Chloride (mainly
from deicing salts and seawater) induced corrosion is a major threat to the durability of concrete
structures. Once corrosion initiates, three main consequences occur: (1) local pitting corrosion of
the reinforcement; (2) cracking and spalling of the concrete cover due to build-up of voluminous
corrosion products; and (3) decrease of ductility and reduction of cross section of the reinforcing
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steel. The remediation of concrete bridges in the US, undertaken as a direct result of chlorideinduced rebar corrosion, costs US highway departments $5 billion per year [15]. The direct cost
of metallic corrosion for highway bridges was estimated at $8.3 billion per year, let alone the
indirect costs (traffic delays, lost productivity, etc.) [16]. Another problem is the development of
microcracks in cementitious composites as a result of mechanical loadings, environmental
loadings (e.g., freezing and thawing, rebar corrosion and chemical attack), and volumetric
instability (e.g., shrinkage). Once formed, they are extremely difﬁcult to detect and repair by
conventional methods before they develop, coalesce and grow into macrocracks. Obviously,
cracking of concrete accelerates the ingress of water, CO2, chlorides and other deleterious
species from automobile emissions. The combination of these activities further undermines the
integrity of the structure through aggravated corrosion of the metal inside concrete and
eventually leads to the premature failure of concrete infrastructure. In this context, innovative
research within the domain of materials science is vitally needed to search for more effective
measures to improve the durability of concrete (i.e., corrosion and crack resistance), and to help
control air pollution from automobile emissions. Environmentally friendly and durable concrete
infrastructure with extended service life is a goal of these efforts.
1.2 Background
To address the critical concerns associated with the use of nano-TiO2 for removing air
pollutants from vehicle emissions, and to improve concrete durability, this project studied a
novel systematic strategy towards air purifying, corrosion resistant and self-healing concrete
infrastructure. The study involved manipulating cement chemistry and implementing a molecular
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immobilization mechanism of Graphitic carbon nitride (g-C3N4), within a multifunctional host
composite, e.g. Layered Double Hydroxide (LDHs).
LDHs are a group of anionic clay minerals whose structure can be represented by the
general formula [MII1-xMIIIx(OH)2]x+[(An-x/n)]x-•mH2O. Here, MII and MIII represent di- and
trivalent metal cations respectively, which provide positive charges for layers and balance the
interlayered anions of An- and hydration water molecules. LDHs are relatively cheap and easy to
produce with the possibility of tailoring their physical and chemical properties during synthesis.
Recent studies [17] found that in light of their unique structural properties and high specific
surface area (around 20 m2/g) LDH compounds could be utilized as a host matrix to couple with
other nanoparticles for developing highly active photocatalysts. To date, much academic work
and commercial interest has been invested in LDHs [18] for corrosion protection of metals.
However, little effort has been directed towards cementitious materials in combination with gC3N4, for environmental remediation.
1.3 Objectives
To address the critical concerns associated with air-purifying by nano-TiO2, the objective
of this project was to develop an environmentally friendly and durable cementitious system
based on synergistic activities of multifunctional photocatalytic Graphitic carbon nitride (gC3N4) and conduct performance and durability evaluation of the newly developed photocatalytic
cementitious composites.
1.4 Scope of the Work
To achieve the objectives of this project, the following investigations occurred:
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1) Photocatalytic NOx abatement and self-cleaning performance of cementitious
composites with g-C3N4 nanosheets under visible light.
2) Washing resistance of the photocatalytic cementitious materials based on g-C3N4
nanosheets-recycled asphalt pavement aggregate composites.
3) Efficiency and durability of g-C3N4-based coatings applied on mortar under peeling
and washing trials.
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CHAPTER 2 PHOTOCATALYTIC NOX ABATEMENT AND SELFCLEANING PERFORMANCE OF CEMENTITIOUS COMPOSITES WITH
G-C3N4 NANOSHEETS UNDER VISIBLE LIGHT

2.1. Introduction
Graphitic carbon nitride (g-C3N4), a typical graphite-like layered material, is well known
as a nontoxic metal-free semiconductor [19]. With its unique features such as high thermal and
chemical stability, high-hardness and visible-light driven band gap, g-C3N4 is considered as a
kind of prospective photocatalyst in various applications including water splitting [20], CO2
reduction [21], and pollutants removal [22,23]. Over the past few years, g-C3N4 has become a
fascinating visible light driven photocatalyst for environmental pollution mitigation. Chang et al.
found that the porous g-C3N4 prepared by a facile pyrolysis method showed remarkable
photocatalytic performance in degradation of Rhodamine B (RhB) under visible-light [24].
Papailias et al. reported that the g-C3N4 obtained via thermal polycondensation of melamine
could effectively remove NOx under visible light [25]. Sano et al. found that the photocatalytic
NO abatement of g-C3N4 under visible light could be significantly improved by 8.6 times
compared to the conventional g-C3N4 via an alkaline hydrothermal treatment [26]. Compared to
inherent wide band gap of TiO2 (3.2 eV) which is excited only under UV irradiation, g-C3N4,
owing to its narrow band gap of 2.7 eV, offers a great potential for air purification under visible
light. Furthermore, g-C3N4 can be synthesized in a large scale with low cost by polycondensation
of various carbon and nitrogen-containing organic precursors.
Normally, there are two types of g-C3N4: bulk g-C3N4 and g-C3N4 nanosheets (CNNs).
Compared with the bulk g-C3N4 prepared by traditional thermal polymerization, ultrathin CNNs
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are extremely advantageous for promoting photocatalysis efficiency. The apparent advantages
associated with nanosheets include large specific surface area for providing abundant reactive
sites and short bulk diffusion length for reducing the recombination probability of photoexcited
charge carriers [27,28]. Recently, Kou and co-workers reported a new g-C3N4 based
photocatalytic cement, showing an enhanced visible-light photocatalytic activity via construction
of the SnO2/g-C3N4 heterostructures to enhance electron-hole separation and interfacial charge
transfer [29].
This chapter introduces a novel photocatalytic cementitious composite based on CNNs.
The researchers examined the photocatalytic performances in terms of NOx removal in a
continuous mode and discoloration of RhB under visible light. Furthermore, the effect of CNNs
on microscopic mechanical property of the cementitious materials, cement hydration and
composite hydration products were investigated by micro-hardness, isothermal calorimetry, Xray diffraction (XRD), Fourier transform infrared (FTIR), thermogravimetry (TG) and field
emission scanning electron microscopy (FESEM). This chapter provides a theoretical basis for
the beneficial use of an earth-abundant g-C3N4 photocatalyst as a multifunctional material in
sustainable building and constructions for improved environmental pollution mitigation.
2.2 Experimental
2.2.1. Materials
The research used a grade 42.5R Portland cement, which is in accordance with Chinese
standard (GB/T17671-1999). The composition of the cement in wt% is as follows: C3S
(tricalcium silicate): 55.6, C2S (dicalcium silicate): 19.6, C3A (tricalcium aluminate): 7.5, SO3
(sulphur trioxide); 2.1, C4AF (tetracalcium alumino ferrite): 9.3. Melamine, ammonium chloride
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and commercial titanium dioxide (TiO2) were purchased from Sinopharm Chemical Reagent Co.
Ltd. and used without further purification. All experiments used deionized water.
2.2.2. Synthesis of g-C3N4 nanosheets
Motivated by a previous report [30] and thanks to the gases (NH3 and HCl) released from
NH4Cl with the increase of temperature, the large-quantity and high-quality few-layer g-C3N4
nanosheets (CNNs) were prepared through a one-step method. In a typical procedure, 4 g of
melamine powders and 20 g ammonium chloride were fully mixed and heated at 550 ℃ for 4 h
with a heating rate of 3℃ min-1. Upon cooling down, the resultant fluffy agglomerates were
milled into powders in an agate mortar for further use. The structural features of the as-prepared
CNNs were investigated using XRD and FTIR (Figure 2.1). Figure 2.2 (a) shows the
morphology of the CNNs, and the ultrathin thickness (approximately 5 nm) was further verified
by AFM image (Figures 2.2(b) and (c)). The particle size distribution and nitrogen adsorption–
desorption isotherms of the CNNs are shown in Figure 2.3 and Figure 2.4, respectively. The BET
surface area of the CNNs is about 76.6 m2 g-1.
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Figure 2.1 (a) XRD patterns and (b) FTIR spectroscopy of CNNs.
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Figure 2.2 (a) FESEM image, (b) AFM image and (c) corresponding cross-sectional profile
of CNNs.

Figure 2.3 Particle size distribution of CNNs.
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Figure 2.4 Nitrogen adsorption–desorption isotherms of CNNs.
2.2.3. Preparation of photocatalytic cementitious composites
For the preparation of photocatalytic cementitious composites, the water/cement ratio for
all batches was kept consistent at 0.4. The CNNs suspensions were prepared first by dispersing
the CNNs (0.5, 1 and 2% by the weight of cement) into deionized water for 2 h under
ultrasonication. Then ordinary Portland cement and CNNs suspension were mixed in a standard
lab mixer for 2 min with a revolution speed of 200 ± 5r min-1, and another 2 min of 300 ± 5 r
min-1. After mixing, the fresh cementitious composites were cast into molds (diameter 30 mm,
thickness 5 mm) under compaction on a vibration table. The samples were then left in the mold
for 24 h before demolding and cured in an environmental chamber at 20 ± 2 ℃ and over 95%
relative humidity for 6 additional days before subjecting to assigned tests. As a preliminary
exploration of using CNNs in cementitious composites, the effect of CNNs on cement hydration
after 7 days was studied. According to previous reports, the compressive strength and the
hydration degree of 42.5R Portland cement cementitious composites cured for 7 days can reach
80~95% [31-33] and 75~91% [34], respectively, of that for 28 days, suggesting that the
composites have reached a high maturity at a curing age of 7 days. In addition, the 2% TiO2
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added cement composite was prepared as reference sample in test of photocatalytic activity via
the foregoing method.
2.2.4. Microscopic hardness
Microscopic hardness is a fast way for measuring the effects of CNNs on the mechanical
properties of cementitious composites since it is directly related to the strength of the material
[35]. A Vickers Microhardness tester (THVS-1-800 M-AXY) with a load of 0.5 N. determined
micro-hardness (HV) of photocatalytic cementitious composites. The sample was ground on an
automatic machine using various sand paper with grade of #320, #600, #800, and #1200
sequentially, until a flat mirror surface was obtained. Then the ground sample was cleaned with
deionized water and dried in a vacuum oven at 45℃ for 12 h. Statistical tests carried out over
each sample ensured a reliable measurement of the local mechanical properties. The indentation
was repeated for 30 times on different areas of the sample surface. The interval distance of
adjacent vertexes was set as 50 μm.
2.2.5. Phases characterization
The phase compositions of samples were characterized by X-ray diffraction (XRD)
analysis on a Bruker D8 Advance X-ray diffractometer with a Cu Kα ray source. Fourier
transform infrared (FTIR) spectra were obtained using a Thermo Scientific Nicolet IS50 Fourier
transform infrared spectrometer at a resolution of 2 cm-1. Sixty-four scans were performed to
obtain each spectrum. Thermogravimetry (TG) analysis of samples was performed using a
Netzsch STA449 F3 simultaneous Thermogravimetric analyzer to measure the content of nonevaporable water (NEW) and hydration products in cementitious composites. The nonevaporable water (NEW) content measurement is one of the most intensively used methods for
monitoring the degree of cement hydration [36]. The condition of TG analysis was in a nitrogen
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atmosphere (flow rate of 80 mL min-1) at a heating rate of 10℃ min-1 up to 1000℃. The
morphology of the materials was observed by a Thermoscientific Verios G4 UC field emission
scanning electron microscope (FESEM). A tapping-mode atomic force microscopy (AFM,
Dimension Icon, Bruker) with Si-tip cantilever was used to probe the thickness of the
synthesized CNNs on the mica substrate. The hydration heat of cementitious composites was
measured by a TAM air isothermal microcalorimeter (TA Instruments, USA). The measurement
of hydration heat was performed at an isothermal condition (25 ± 0.1°C). The 5 g of Portland
cement was first put into a sample ampoule of thermometric TAM. The as-prepared CNNs
suspension was added to the sample ampoule with a syringe. Afterwards, the paste was mixed
with a special electric stirrer for 90 s and placed into the chamber of TAM Air. The hydration
heat evolution rate and cumulative hydration heat of the cementitious composites containing
CNNs can be monitored as a function of time. The water/cement ratio (0.4) used was the same as
to prepare the photocatalytic cementitious composites mentioned above.
2.2.6. Visible light photocatalytic activity
2.2.6.1. Visible light photocatalytic removal of NOx in air
The photocatalytic NOx abatement of the sample was evaluated by a continuous flow
reactor adapted from an existing design [37] as illustrated in Figure 2.5 (a). The volume of the
cylindrical reactor, which was made of glass and covered with quartz glass window, was 141.3
mL (Φ60 mm × 50 mm) (Figure 2.5 (b)). One sample was placed in the middle of the reactor,
and a 300 W xenon lamp with a light passed through a UV cut off filter (λ > 420 nm) was
vertically placed outside the reactor as a light source. The required light intensity of 30 mW cm-2
on the surface of the samples was obtained by adjusting the distance between the lamp and the
reactor. The initial concentration (1 ppm NO) of the testing gas was achieved with two mass
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flow controllers supply. The relative humidity of the testing gas was control at 50 ± 2% by the
gas-washing bottle before the gas entered the glass reaction chamber. The flow rate of the testing
gas through the reactor was controlled at 1 L min−1 by a mass flow controller. Once the
adsorption–desorption equilibrium reached, the lamp was turned on. The concentrations of NO
and produced NO2 were continuously measured using a NOx analyzer (Model 42i, Thermo
Environmental Instruments Inc). The removal amount of NOx was calculated as following:





 f 
QNOx  
  NO0  NOdt   NO2   NO2 0 dt /  A  T 
 22.4 

(2.1)

where QNO (μmol m-2 h-1) is the amount of nitric oxides removed by the sample. [NO]0 and
x

[NO2]0 (ppm) are the initial concentration of nitrogen monoxide and nitrogen dioxide
respectively without visible light. [NO] and [NO2] (ppm) are the outlet concentration of nitrogen
monoxide and nitrogen dioxide respectively under visible light irradiation, t (min) is the time of
removal operation and f (L min-1) is the flow rate at the standard state (273K, 1.013 kPa). A (m2)
is the surface area of the sample. T (30 min) is the duration of the photocatalytic process.

(a)

(b)

Figure 2.5 (a) Schematic diagram of the gaseous NOx removal experimental set-up; (b)
Image of the reactor.
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2.2.6.2. Self-cleaning test
The self-cleaning performance of the sample was evaluated following a procedure
reported elsewhere [38]. Typically, a plastic ring (diameter 2.0 cm) was glued on the surface of
as-prepared photocatalytic cementitious composites. 1 mL rhodamine B (RhB) solution with a
concentration of 1.0 mmol L-1 was applied evenly on the surface of samples within the plastic
ring. Then the specimens were oven dried at a temperature of 40 ℃ for 10 h. After drying, one
sample was placed horizontally under a 300 W xenon lamp with a light passed through a UV
cutoff filter (λ > 420 nm). The experiment obtained required light intensity of 30 mW cm-2 on the
surface of the samples by adjusting the distance between the lamp and the samples. To avoid
temperature rise, the samples were cooled down using an electrical fan during the operation. The
color change of the dye applied on the photocatalytic specimens which were subjected to
different light irradiation time (i.e., 0, 10, 20, 30, 40, 50 and 60 min) were pictured by a Nikon
D7000 SLR camera (the distance between the camera lens and the specimen remained the same
10 cm). The software ImageJ64 analyzed the histogram analysis of the obtained images.
The removal efficiency of RhB was evaluated as follows:

% 

C0  Ct
 100%
C0

(2.2)

where C0 and Ct are the concentration of the initial and remaining RhB respectively; t is the light
illumination time.
2.3 Results and discussion
2.3.1. Effect of CNNs on early microscopic mechanical property of cementitious composites
The microscopic hardness of cementitious composites containing different dosages of
CNNs (0, 0.5, 1, 2 % by weight of cement) that were cured for 7 days is displayed in Figure 2.6.
With the addition of CNNs, a parabolic growth tendency of the microscopic hardness of
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cementitious composites can be observed. The microscopic hardness of the cementitious
composites with 2, 1 and 0.5% CNNs are 105.4, 115.3 and 117.9% respectively of the composite
without CNNs due to the strengthening effect of CNNs. When the CNNs content is larger than
0.5%, the microscopic hardness tends to decrease slightly, attributed to the increased probability
of agglomeration of CNNs in cementitious composites. This phenomenon agrees with a previous
study that the cluster of the nano-materials weakened the microscopic hardness of cementitious
composites [39]. Additionally, due to the high specific area, the addition of CNNs often leads to
the increasing in the water demand, resulting in an increase in porosity [40]. This can also be
responsible for the decline in microscopic hardness.

Figure 2.6 Microscopic hardness of cementitious composites with different content of CNNs.
2.3.2 Effect of CNNs on early hydration of cement
The hydration process of cementitious composites containing CNNs was monitored by
isothermal calorimetry (TAM Air). Figure 2.7(a) shows the heat flow curves of the cementitious
composites containing different dosages of CNNs. It is well known that cement hydration is a
dissolution-precipitation process [41] and all specimens display two significant heat flow
maxima during the main period. Figure 2.7(a) illustrates the first peak of the samples containing
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CNNs starts earlier than that of the samples without CNNs. The addition of the CNNs greatly
increases the intensity of the first heat peak, especially for the 2% addition. All the samples
containing CNNs show a slightly higher intensity of the second heat evolution peak in
comparison with the reference sample. Figure 2.7(b) shows the curves of the cumulative heat
evolution during the first 100 h hydration. The increasing cumulative heat release at 2 h
hydration can be observed with addition of CNNs, consistent with the heat evolution rate during
the first heat peak. This indicates that the addition of CNNs can significantly accelerate the early
hydration of cement, mainly resulting from the aluminate reaction [42]. The heat evolution of the
second heat peak during the 2~100 h hydration can be attributed to the silicate reaction, C3A
dissolution and ettringite precipitation [43]. With the increasing time of hydration up to 100 h,
although there is no significant difference of the cumulative heat, the samples containing 0.5 and
1% CNNs show a slight increase in the cumulative heat evolution with respect to that of pure
cementitious composites, indicating an enhanced degree of hydration due to a multiplication of
heterogeneous nucleation sites provided by CNNs. It is also widely accepted that the ultra-fine
particles could act as potential heterogeneous nucleation sites for the hydration products,
resulting in an acceleration of cement hydration [44, 45]. However, too much CNNs would
obstruct the contact between cement particles and water, which is a disadvantage for the
hydration process of cement. This results in a lower cumulative heat evolution at 100 h hydration
for the 2% CNNs-added cementitious composites.
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Figure 2.7 (a) Heat flow curves and (b) Cumulative hydration heat for cementitious
composites with different content of CNNs.

In order to investigate the effect of CNNs on the hydration crystals of cementitious
composites, XRD patterns of CNNs-added cementitious composites hydrated for 7 days were
investigated. As shown in Figure 2.8 (a), although the characteristic peaks of the CNNs were not
found in the XRD patterns due to its tiny amounts in the composites or its inherent low
crystallinity, the peaks of calcium hydroxide (CH) and calcite were detected clearly for all
samples while no other new phases were observed with increasing CNNs dosage. On the other
hand, differences were found in the relative intensities of the (0 0 1) and (1 0 1) peaks of CH for
all the samples, indicating the different preferential orientation growth of CH under conditions
with different CNNs dosages. It can be observed in Figure 2.8 (b) that the relative intensities of
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the (0 0 1) and (1 0 1) peaks decrease gradually with increasing CNNs dosage, suggesting that
the CNNs lowered the orientation index of CH crystals, which can be attributed to the nucleation
effect of CNNs. And the diminished orientation of CH crystals has been reported to be able to
improve the interface structure of cementitious composites [46-47].
Figure 2.9 represents FTIR patterns of cementitious composites with different contents of
CNNs hydrated for 7 days. After the introduction of the increased content of CNNs, the growing
peak at 1250 cm-1 originated from tri-s-triazine heterocyclic rings in CNNs is observed clearly,
suggesting that the composite materials were successfully prepared. The band appeared at 1650
cm-1 is attributed to the stretching and bending vibration of the chemically bound water in the
calcium silicate hydrate (C-S-H) [48, 49]. A slightly negative shift of the peak at 1650 cm-1 with
the addition of CNNs was observed indicating the formation of strong bond between C-S-H and
CNNs. The interaction between the CNNs and the cement hydrates can improve the load-transfer
efficiency from the cementitious composites to CNNs. Consequently, the microscopic hardness
of the cementitious composite was enhanced. The peak at 3640 cm-1 is attributed to the O-H of
portlandite phase [50]. For the 0.5 and 1% CNNs-added cementitious composites, the intensity of
the O-H group of CH increase slightly compared to that of pure cementitious composite while
the 2% CNNs-added cement composite shows a declined intensity. This suggests that the
addition of 0.5 and 1% of CNNs helps increase the content of CH in cementitious composites
while the addition of 2% CNNs exerts a negative impact on the formation of portlandite.
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Figure 2.8 (a) XRD patterns and (b) orientation index of CH crystal of cementitious
composites with different content of CNNs.
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Figure 2.9 FTIR spectroscopy of cementitious composites with different content of CNNs.
Figure 2.10 shows the TG/DTG curve of cementitious composites with different CNNs
dosages hydrated for 7 days. There are 3 endothermic peaks in the DTA curves attributed to the
decomposition of C-S-H [51], CH [52] and calcite [53] respectively, which is in good agreement
with the mineralogical characterization in XRD analysis (Figure 2.8 (a)). The content of nonevaporable water (NEW) is measured as the weight loss of the sample between 105 ℃ and 1000
℃ [46]. Using formula (2.3), the NEW at different CNNs contents was calculated and shown in
Figure 2.11.
NEW  W105℃  W1000℃  WCaCO3  WCNNs

(2.3)

where NEW is the weight percentage of non-evaporable water; W105℃ is the percentage of
weight loss after 105 ℃ heat treatment; W1000℃ is the percentage of weight loss after 1000 ℃
heat treatment; WCaCO3 and WCNNs are the percentage weight loss of sample after the
decomposition of CaCO3 and CNNs, respectively.
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Figure 2.10 TG/DTG curve of the cementitious composites with different content of CNNs:
(a) 0%, (b) 0.5%, (c) 1% and (d) 2% CNNs.
Figure 2.11 shows that the addition of 0.5 and 1% CNNs increases the NEW of
cementitious composites. Especially, the NEW of 0.5% CNNs-added cement composite is 10.8%
higher than that of cementitious composites without CNNs. With further increase of the CNNs
dosage (2%), the NEW of cementitious composites decreases significantly. It can be deduced
that a moderate amount of CNNs increases the degree of cement hydration due to the nucleation
effect of CNNs, while too much CNNs impedes the polymerization of silicate chain resulting in a
decreased hydration degree. The results from above hydration heat also support this observation.
The weight loss between 400 ℃ and 500 ℃ is considered to be the decomposition of CH [54].
Figure 2.11 shows that with the addition of CNNs, a parabolic growth tendency of the content of
CH can be observed. The content of CH in 0.5 and 1% CNNs-added cementitious composites is
larger than that in other cementitious composites. This indicates that a moderate amount of
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CNNs can facilitates the generation of CH in cementitious composites, which is in good
agreement with the deduction from the FTIR analysis.

Figure 2.11 CH and NEW content of cementitious composites with different content of
CNNs.
To further explore the effects of CNNs on cement hydration, the morphology of
hydration products in the cementitious composites with different CNNs dosages hydrated for 7
days was investigated by the FESEM technique. Figure 2.12 shows the FESEM images of the
microstructure of cementitious composites with CNNs. Noticeable changes were observed in
terms of micro-morphology of the composite with the increase of CNNs dosage. For the plain
cement composite, many immature cluster hydration products emerge in fracture surface, and
some morphological needle-like hydration products disorderly stack with loose and porous
structure (Figure 2.12 (a)). For 0.5% and 1% addition of CNNs (Figure 2.12 (b) and (c)), the
characteristic immature cluster and needle-like hydrates are scarcely seen while the mature and
compacted hydration products are uniformly distributed in the fracture surface, indicating higher
hydration degrees compared to the plain cement paste. Those are consistent with the hydration
degrees of CNNs-added cementitious composites inferred from the NEW. Most of CNNs
embedded in the cementitious composites cannot be observed clearly due to the envelopment of
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dense hydration products. Moreover, the presence of CNNs may provide good mechanical
interlocking between hydration products, which contributes to the increased hardness of the
cementitious composites. These results also confirmed the conclusion aforesaid that intermixing
with CNNs helps improve the microscopic hardness of the cementitious composites. However,
compared to the 1% CNNs-added sample, the microstructure of 2% CNNs-added cementitious
composites presents more pores (Figure 2.12 (d)), which is attributed to that the excessive CNNs
would reduce the cement hydration degree and increase the probability of bleeding. This can also
be responsible for the decline in microscopic hardness.

(a) 0% CNNs

CNNs
CNNs

Hydrates

(b) 0.5% CNNs
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(c) 1% CNNs

CNNs

(d) 2% CNNs

Figure 2.12a-d FESEM images of the microstructure of the cementitious composites with
different content of CNNs.
2.3.3. Visible light photocatalytic performance of the cementitious composites with CNNs
2.3.3.1. Visible light photocatalytic removal of NOx
Cementitious composites intermixed with CNNs were employed for photocatalytic
removal of NOx in air under visible-light irradiation in a continuous mode to demonstrate their
potential capability for air purification. Figure 2.13 shows the photocatalytic NOx removal
performances of cementitious composites prepared with CNNs as well as 2% TiO2 under visiblelight irradiation. As can be seen, the presence of CNNs significantly enhanced the photocatalytic
performance of cementitious composites. Compared to TiO2, CNNs have a narrower band gap
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that can be excited directly by visible light. The removal of NOx can be attributed to the reaction
between NOx and photogenerated radicals, producing a final product of NO3- [55, 56]. Only an
increase of 51.6% in NOx removal efficiency was observed for the samples with 1% CNNs,
compared to the samples with 0.5% CNNs (83.5 μmol m-2 h-1). This is because most of CNNs
are enveloped by the denser hydration products in the 0.5 and 1% CNNs-added cementitious
composites (Figures 2.12 (b) and (c)), and thus they are inaccessible to the reactants or the
irradiation. However, the samples with 2% CNNs acquire a NOx removal efficiency of 227.3
μmol m-2 h-1, which is 1.8 times higher than that of samples with 1% (126.6 μmol m-2 h-1). This
larger increase in NOx removal efficiency is attributed to not only the higher probability of
CNNs in the surface of cementitious composites, but also the more porous structure for gas
diffusion and light transmittance, which is consistent with the porous morphology observed in
the FESEM images (Figure 2.12 (d)).

NO removal (umol m-2 h-1)
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0% CNNs 0.5% CNNs 1% CNNs 2% CNNs 2% TiO2

Figure 2.13 The visible-light photocatalytic NOx removal of cementitious composites with
CNNs and TiO2.
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2.3.3.2. Self-cleaning performance
Figure 2.14 presents the removal efficiency of rhodamine B (RhB) applied to the CNNsadded cementitious composites as well as to the one containing 2% TiO2 under visible light
irradiation. The discoloration function of the CNNs in the cementitious composites under visible
light irradiation was observed clearly. Comparison of the pictures (Figure 2.15) taken before and
after the irradiation experiments illustrates the self-cleaning effect more explicitly.
Approximately 92% of color fading occurs after 40 min exposure for 2% CNNs sample while
40% of RhB bleach for the 2% TiO2-added cement composite in the same period. The results
indicate that compared with the TiO2-added cementitious composites, the CNNs-added ones give
a much better self-cleaning performance under visible light irradiation. However, the
discoloration rate of the 0.5% CNNs sample was much lower than that of the 2% CNNs sample.
It seemed that only part of the dyes near to the active sites of CNNs could be completely
discolored leading to a much slower discoloration ratio. This is consistent with the finding shown
in Figure 2.12(b) that compacted hydration products in the cementitious composites envelop
many CNNs. With an increasing percentage of CNNs, the more porous structure (Figure 2.12(d))
can promote the percolation of the dye, resulting in a higher probability of contact of dye with
CNNs. This could also contribute to the discoloration. It was also found that the color of the RhB
applied on the control sample (without CNNs) faded to a certain extent, which was probably due
to the direct photolysis or thermolysis of the dye [57].
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Figure 2.14 The removal efficiency of RhB applied on the cementitious composites with
CNNs and TiO2 under the irradiation of visible light.
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Figure 2.15 Color variation of RhB coated on cementitious composites with CNNs and TiO2.
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According to the foregoing results, compared with the one containing TiO2, the
photocatalytic cementitious composites incorporated with CNNs exhibited a much better visible
light photocatalytic activity due to the suitable band gap. With the increase of CNNs content, the
photocatalytic NOx abatement and self-cleaning performance of the photocatalytic cement
composite increased. For the 2% CNNs-added cementitious composites, excessive CNNs
decreased the degree of cement hydration, but the microscopic hardness was 5.4% higher than
that of the control due to the strengthen effect of CNNs. Moreover, among all the samples, the
one with 2% CNNs showed the highest photocatalytic NOx abatement efficiency of 227.3 μmol
m-2 h-1, and degraded the RhB within 40 min.
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2.4 Conclusions
The main conclusions of this chapter are listed below.
1) With the increase of CNNs content, the hydration degree and micro-hardness increase first
and then decrease. The microscopic hardness of 0.5% CNNs-added cement composite shows
an improvement of 18% compared with the one without CNNs. For the 2% CNNs-added
cement composite, excessive CNNs decreases the degree of cement hydration, but the
microscopic hardness is still 5.4% higher than that of the control due to the strengthen effect
of CNNs.
2) As the growth points for hydration products, the CNNs gave a strong bond with hydration
products, which improved the load-transfer efficiency from the cementitious composites to
CNNs.
3) With the increase of CNNs content, the photocatalytic NOx abatement and self-cleaning
performance of the photocatalytic cementitious composites increased. Among all the
cementitious composites that were tested, the one with 2% CNNs showed the highest
photocatalytic NOx abatement efficiency of 227.3 μmol m-2 h-1, and degraded the rhodamine
B within 40 min. Compared with the TiO2 based cementitious composites, the sample
incorporated with CNNs gave a much better visible light photocatalytic activity due to the
suitable band gap. It was found that a moderate amount of CNNs (below 2%) could be used
in cementitious composites for the photocatalytic depollution performance without adverse
effect on mechanical properties of the cementitious composites. This work is expected to
help broaden the application of photocatalytic cementitious materials in sustainable building
and constructions for improved environmental pollution mitigation.
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CHANPTER 3 WASHING RESISTANCE OF PHOTOCATALYTIC
CEMENTITIOUS MATERIALS BASED ON G-C3N4 NANOSHEETSRECYCLED ASPHALT PAVEMENT AGGREGATE COMPOSITES

3.1 Introduction
The oxide of nitrogen (commonly expressed as NOx, mainly NO and NO2), primarily
from vehicle emissions, is the major source to the acid rain and urban smog. Application of
photocatalysis in cementitious materials has gained considerable attention for facilitating the
oxidative decomposition of NOx [58-61]. The photocatalytic building materials based on
titanium dioxide (TiO2), as benchmark products, have been reported [62-64]. In spite of its
favorable air purification capability as a photocatalyst, TiO2 suffers from such drawbacks as low
exploitation of sunlight (due to wide band gap above the range 3.0-3.2 eV) and high
recombination rate of photo-generated electrons and holes [65, 66]. In particular, TiO2 has
recently been determined a possible carcinogen when inhaled [67, 68]. These are significant
obstacles impeding a broad application of TiO2 in building materials. The development of a
nontoxic photocatalyst with outstanding visible light activity to be used in building materials is
highly and urgently needed.
Graphitic carbon nitride nanosheets (CNNs), a typical two-dimensional layered material,
are well known as a nontoxic metal-free semiconductor. CNNs are notable for unique features
such as high thermal and chemical stability, fast separation of photo-excited carriers and suitable
band gap (2.7 eV). As such, CNNs have been considered as a prospective photocatalyst for many
applications including water splitting [69], CO2 reduction [70] and pollutants abatement [71, 72]
under visible light irradiation, and can be an excellent alternative to TiO2.
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Today, most photocatalytic building materials are prepared by coating or mixing
photocatalyst with cementitious materials. Photocatalyst-intermixed building materials with air
purification [73, 74] and self-cleaning properties [75, 76] have been reported. It is worthwhile to
note that most of the photocatalyst reported are in the internal structure of the products. The
direct interaction of the photocatalyst with sunlight and pollutants remains limited. A higher
tendency for agglomeration of the photocatalyst particles has been observed in cement-based
systems [77], resulting in a low efficiency of the photocatalyst. Note that both flexural and
compression strength are decreased for mortar specimens with a higher amount of TiO2 [78].
Coating photocatalyst on the surface of building materials has been proven as an efficient way to
improve the efficiency of photocatalytic activity in practical service conditions [79, 80]. The
photocatalytic coatings readily peel off when suffering from traffic loading and natural
weathering, therefore weakening the catalytic performance and shortening the service life.
Studies regarding the influences of cement circumstance on the behavior of photocatalyst have
proven that the high pH value, various ion species and the surface carbonization of gas-solid
interface can adversely affect the photocatalytic performance, regardless of whether the
photocatalysts were coated on the surface or mixed with the matrix [81, 82]. Attempts to improve
the photocatalytic effects of the photocatalytic building materials include utilization of porous
cement substrate [83], regulation of the substrate microstructure [84] and surface modification of
the photocatalyst [85]. These strategies somewhat improved the photocatalytic efficiency and
long-term performance of the photocatalytic cementitious composites due to less aggregation and
higher exposure degree of photocatalyst particles in cement matrix. However, the intrinsic
cement chemistry and the increasing production cost due to surface modification remain a
significant barrier that restrict a large-scale application of the photocatalytic building materials.
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The photocatalytic exposed aggregate cementitious materials (PEACM) have recently
been proposed for the maintenance of building aesthetics and environmental remediation [86,
87]. This exposed photocatalytic aggregate can sufficiently detach the photocatalyst chemistry
from the effects of cement chemistry [84, 88]. In order to obtain a desired resistance to
weathering or abrading, some procedures that are inconvenient and costly such as high
temperatures (400℃) [86], alkali activation [88, 89] and negative pressure [90] may be required
to form a strong bond between aggregate and photocatalyst.
Recycled asphalt pavement aggregate (RAPA) consisting of crushed basalt rock and
residual asphalt binder has been used to replace natural fine and coarse aggregates in cement
composites [91, 92]. This has been considered effective to reduce the waste asphalt, more than
60 million tons in China annually produced, and substantially contribute to cost savings and
conservation of natural aggregate sources [93, 94]. The residual asphalt on the surface of RAPA
can restore the binder property after reheating [95, 96], and contribute to a good adhesion for
supporting the photocatalyst. In this chapter, a photocatalytic recycled asphalt pavement
aggregate (PRAPA), namely g-C3N4 nanosheets-recycled asphalt pavement aggregate
composites, was prepared for the first time by immersion and evaporation. By making use of the
binder property of the residual asphalt, a strong bond between CNNs and RAPA can be obtained.
The photocatalytic exposed aggregate cementitious materials (PEACM) were prepared by
loading the PRAPA on the surface of cement paste at its initial setting. For comparison, the
photocatalytic standard sand (PSS) containing CNNs and standard sand were also prepared via
the same method. Their respective photocatalytic NOx removal efficiency and washing resistance
(in short for the capability to resist rain-washing) were evaluated and compared. The washing
resistance is an important index for evaluating the durability of photocatalytic materials. The
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physical characteristics, such as the apparent appearance, CNNs amount, morphology and
element content of the surface specimen, were investigated before and after rain-wash. The
results will provide a new framework for preparation of highly cost-effective photocatalytic
building materials, and facilitate a desirable option for recycling waste asphalts mixtures.
3.2 Experimental
3.2.1. Materials
The experiment used RAPA with approximately 2.6% residual asphalt by weight of
aggregate. The China ISO standard sand (SS) from Xiamen ISO Standard Sand Co., Ltd was
used as a control group. The physical characteristics and chemical composition of RAPA and SS
are listed in Table 3.1 and Table 3.2, respectively. A grade of 42.5 ordinary Portland cement, as
well as Melamine and ammonium chloride, was used. Deionized water was used throughout the
experiments. Details for the synthesis of CNNs have been given in Subsection 2.2.2.
Table 3.1 Physical characteristics of RAPA and SS.
Fineness

Water absorption

Sample
modulus

Specific gravity
(g/cm3)

Density
(kg/m3)

(%)

RAPA

3.89

2.65

1439

0.98

SS

2.37

2.61

1642

1.15

Table 3.2 Chemical composition of RAPA and SS (%).
Sample

MgO

Al2O3

SiO2

SO3

K2O

CaO

Fe2O3

RAPA

6.81

9.72

54.3

1.13

1.95

22.8

3.29

SS

0.04

1.52

92.68

0.04

0.48

3.83

1.41

3.2.2. Preparation of PRAPA
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The PRAPA was prepared simply by immersion and evaporation. A diagram illustrating
the preparation process of the PRAPA is shown in Figure 3.1. In brief, the CNNs suspension was
obtained via sonication of the CNNs in absolute alcohol for 2 h with an ice bath. The different
concentrations of the CNNs suspension were designed as 1 g L-1, 3 g L-1, 5 g L-1 and 7 g L-1.
Afterwards, the 30 g of RAPA was distributed uniformly and immersed into 100 ml of CNNs
suspension for 10 h. Subsequently, the CNNs suspension was evaporated to enable CNNs to
attach on RAPA at 105 ℃ for 12 h. The prepared photocatalytic RAPA was denoted as PRAPAn, where n was the coating concentration of CNNs suspensions (n=1, 3, 5, 7). The PSS with
CNNs concentration of 5 g L-1, denoted as PSS-5, was prepared via the foregoing method as a
reference sample.

Figure 3.1 Schematic illustration of the preparation of PRAPA and PEACM.
3.2.3. Preparation of PEACM
The PEACM, with PRAPA embedded to the surface of cement paste, was prepared
according to a previous work [87]. Figure 3.1 illustrates the preparation process of PEACM. In
detail, the ordinary Portland cement and water (water/cement ratio=0.35) were mixed in a
standard lab mixer for 2 min with a revolution speed of 300±5 r min-1. The fresh cement paste
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was cast into cylinder mold with the dimensions of Φ30 × 5 mm. Subsequently, 1.5 g of PRAPA
was distributed on the top surface of the cement pastes and compacted for 1 min to ensure that
the PRAPA was embedded onto the surface of the pastes. One day after the casting, the
specimens were demolded and cured in a chamber at 20 ± 2 ℃ and over 95% relative humidity
for another 27 days before subjecting to the preassigned tests. Finally, the PEACM specimens
were successfully prepared and denoted as PRAPA-n-PEACM, where n was the coating
concentration of the CNNs suspensions (n=1, 3, 5, 7). For comparison, the PEACM was also
prepared with PSS-5 via the foregoing method, and denoted as PSS-5-PEACM.
3.2.4. Simulation of rain-wash actions
To investigate the resistance of PRAPA and PEACM to rain-wash in real service
conditions, a simulation of the rain-wash was carried out and then applied for testing specimens.
Figure 3.2 depicts a sketch of the experimental set-up for the simulated rain-wash. For the
PRAPA, a previous protocol using the water immersion with sonication was adopted to simulate
the rainwater immersion and heavy rainfall, and was also used to evaluate the durability of TiO2quartz composites [98]. As for the PEACM, the water spraying has been commonly adopted in
experiments to simulate rainfall condition [99, 100] and it can also be used as an accelerated
washing action [101]. In detail, the PRAPA specimens were immersed in deionized water with
sonication for 20 min, using a Shu Mei ultrasonic bath (KQ-200KDB, 40 kHz, 200 W). After
that, the specimens were washed with deionized water several times until a clear solution was
observed, and then oven dried at 105 ℃ for 24 h before subject to further testing. For the
PEACM, the specimen was inclined at 30° and the tap water was sprayed manually on the
surface of the specimens at 600 ml min-1 (totally 6 L) with a distance of about 30 cm in a vertical
direction. Afterwards, the specimen was oven dried at 105 ℃ for 24 h before they are ready for
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further tests.

Figure 3.2 Sketch of the experimental setup for (a) PRAPA and (b) PEACM under rain-wash.
3.2.5. Characterization
The apparent appearance of the samples was observed by Nikon D7000 SLR camera with
focal length of 30 mm. The amount of CNNs present on the sample surface was determined
using an analytical balance (Sartorius BSA124S) with a precision accuracy of 0.1 mg. Typically,
the mass of the non-coated sample was measured first and denoted as M0. After the coating
procedure, the mass of the coated sample was measured and denoted as M1. The mass difference
between M0 and M1 is regarded as the CNNs amount on the sample before washing. After
washing, the mass of the coated sample was measured and denoted as M2, and the mass
difference between M0 and M2 is the CNNs amount on the sample after washing. The same
sample was used when it was non-coated, coated and washed. For each test for CNNs amount,
three replicate samples were used and the average value was used for report. Prior to mass
measurements, samples were oven dried at 105℃ for at least 10 h to ensure complete water
removal. Then the samples cooled down gradually in a desiccator container for 60 min. Scanning
Electron Microscopy (SEM) equipped with Energy-dispersive X-ray spectroscopy (EDS)
analysis (Bruker Quanta 250) examined morphology and elemental composition of the samples

38

before and after rain-wash.
3.2.6. Visible light photocatalytic activity experiments
The capability for air purification of the as-prepared PRAPA and the associated PEACM
was evaluated by the removal efficiency of NOx in a continuous reactor under visible light
irradiation. The gaseous NOx removal experimental set-up is shown Figure 2.5a. The cylindrical
reactor, with a dimension of Φ60×50 mm, was made of glass and covered with quartz glass
window (Figure 2.5b). A 300 W xenon lamp with a light passing through a UV cut off filter
(λ>420 nm) was vertically placed outside the reactor as a light source. The required light
intensity on the surface of the samples was 30 mW cm-2, obtained by adjusting the distance
between the lamp and the reactor. To avoid temperature rise, the reactor cooled down using an
electrical fan during the operation. The NO gas was supplied from a compressed gas cylinder
with 5 ppm NO concentration (N2 balance), and the air provided by a compressed cylinder as
well. The desired concentration (1000 ± 50 ppb NO) of the testing gas was achieved by mixing
air stream and NO gas. The relative humidity (RH) of the testing gas was controlled at 50 ± 2%
by passing the air streams through a water bubbler. The flow velocity of the testing gas was
controlled at 0.6 L min-1 by mass flow controllers. Once the adsorption-desorption equilibrium
was reached, the lamp was turned on, and the photocatalytic NOx degradation test was proceeded
for 30 min. The concentration of NOx was continuously measured using a NOx analyzer (Model
42i, Thermo Environmental Instruments Inc).
1.5 g of the as-prepared PRAPA was uniformly distributed in a cylindrical dish (diameter
30 mm), and the thickness of this PRAPA sample is approximately 2-3 mm. Subsequently, the
cylindrical dish was put inside the reactor for the photocatalytic NOx removal experiment. The
PEACM was directly put in the middle of the reactor for the photocatalytic NOx abatement test.
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Each test used three replicates and the average value with the standard deviation adopted for
report. The tests were carried out at ambient temperature (25 ± 2℃). The removal amount of NOx
was calculated according to the formula as follows [89]:





 f 
QNOx  
  NO0  NOdt   NO2   NO2 0 dt /  A  T 
 22.4 

(1)

where QNO (µmol m-2 h-1) is the amount of nitric oxides removed by the test sample. [NO]0 and
x

[NO2]0 (ppb) are the inlet concentration of nitrogen monoxide and nitrogen dioxide, respectively.
[NO] and [NO2] (ppb) are the outlet concentration of nitrogen monoxide and nitrogen dioxide,
respectively, t (min) is the time of removal operation and f (L·min-1) is the flow rate at the standard
state (273K, 1.013 kPa). A (m2) is the surface area of the PEACM or the cylindrical dish. T (30
min for all experiments) is the duration of the photocatalytic process and 22.4 represents that the
volume of 1 mol ideal gas at the standard state is 22.4 L (ideal gas law).
3.3 Results and discussion
3.3.1 Characteristics of PRAPA and PSS
Figure 3.3 shows the surface appearance of RAPA, SS and PRAPA-5 as well as PSS-5
before and after rain wash simulated according to the set-up provided in Figure 3.2. The SS is
partially light-yellow colored after coated with CNNs. This is consistent with the color of CNNs
[102]. Compared with the original color of RAPA, obvious light-yellow coating layer on the
surface of PRAPA-5 can be observed, suggesting a complete coverage of CNNs on the surface of
RAPA. For the PSS-5, the light-yellow color almost disappears when it was subjected to the rain
wash, pointing to a significant loss of CNNs on the surface of SS. Surprisingly, as for PRAPA-5,
no significant difference is observed before and after washing, indicating a strong resistance to
exfoliation of CNNs from the substrate.
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(a)

(b) Before Washing

(c) After washing

(d)

(e)

(f) Before Washing

(g) After Washing

(h)

Figure 3.3 Apparent appearance of (a) SS, (b) PSS-5 before washing, (c) PSS-5 after
washing, (d) PSS-5 after water dropping, (e) RAPA, (f) PRAPA-5 before washing, (g)
PRAPA-5 after washing and (f) PRAPA-5 after water dropping.
Interestingly, compared with the phenomena of hydrophilicity in PSS-5, the macroscopic
hydrophobicity can be found on the surface of PRAPA-5 (Figure 3.3). The hydrophobicity of
asphalt and g-C3N4 can account for the visible hydrophobicity on the PRAPA-5 [103, 104], while
the hydrophilicity of sand is responsible for the wettability of PSS-5 [105]. The characteristic of
the obvious hydrophobicity in PRAPA can effectively promote the water drop rolling from its
surface and decrease significantly the contact area between water and PRAPA when subjected to
rain-wash conditions. Consequently, the adhesion between water and PRAPA is quite limited
compared to PSS. This may be responsible for the strong washing resistance to exfoliation of
CNNs from the PRAPA.
The amount of CNNs attached on the PRAPA and PSS before and after washing is shown
in Figure 3.4. With a higher concentration of CNNs, the CNNs amount on the PRAPA increases
continuously, but that such increase tends to be slow. For the PRAPA-1, the CNNs amount is
approximately 3.3 mg and increases up to about 7.5 mg at 3 g L-1 CNNs concentration. The
CNNs amount is approximately 9.3 mg and 10.4 mg for PRAPA-5 and PRAPA-7, respectively.
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The slight increase of the CNNs amount is attributed to the limited surface area of the RAPA.
The excessive CNNs tend to agglomerate rather than attach on the surface of RAPA when the
available surface of RAPA has been almost coated with CNNs. Additionally, a lower amount of
CNNs (7.2 mg) is observed in the PSS-5 than in the PRAPA-5, indicating a larger loading of

Amount of CNNs per g of aggregate (mg)

CNNs in RAPA than in SS.

Unwashed
Washed

12
10
8
6
4
2
0

PRAPA-1 PRAPA-3 PRAPA-5 PRAPA-7

PSS-5

Figure 3.4 Amount of CNNs attached on PSS-5 and PRAPA with different concentrations of
CNNs suspensions before and after rain-wash.
To test the adhesion of CNNs to substrates, the as-prepared PRAPA and PSS-5 were
subjected to the rain-wash. As shown in Figure 3.4, a considerable amount of CNNs of
approximately 4.0 mg, which is 8 times larger than that of PSS-5, is present in PRAPA-3,
PRAPA-5 and PRAPA-7. This suggests that the amount of CNNs attached firmly on the PRAPA
is approximately 4.0 mg CNNs per g PRAPA at most. Table 3.3 shows the loss rate of CNNs on
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the surface of PSS-5 and PRAPA with different concentrations of CNNs after the rain-wash. A
massive loss of CNNs, about 93.1%, is observed on the PSS-5, indicating a weak adhesion of SS.
The loss rate of CNNs in PRAPA, although increasing up to 60.6% with increasing concentration
of CNNs, is remarkably lower than that of PSS-5. It demonstrates that compared with the PSS,
the PRAPA displays a better resistance to rain-wash, a finding in good agreement with the
apparent appearances as described earlier (Figure 3.3).
Table 3.3 Loss rate of CNNs on the surface of PSS-5 and PRAPA with different concentrations
of CNNs suspensions after rain-wash (%).
PRAPA-1 PRAPA-3 PRAPA-5 PRAPA-7 PSS-5
Loss rate

15.2

46.7

53.7

60.6

93.1

The surface morphologies and elemental analyses of SS and RAPA are shown in Figure
3.5. The SS shows a smooth surface without obvious cracks and pores, accounting for the weak
adhesion between photocatalyst and SS [89]. A rough surface appearance on the RAPA can be
attributed to the residual asphalt layer. It is reasonable to consider that the cohesive property of
the residual asphalt results in a good adhesion to support the CNNs. Figure 3.6 shows that the
compactness and thickness of the CNNs coatings increase with a higher concentration of CNNs.
The surfaces of PRAPA-5 and PRAPA-7 are enveloped by CNNs completely. Nevertheless, the
thin and fragmented CNNs coating is observed on the surface of PSS-5, in other words, the
massive glossy surface region of SS is exposed. This confirms that the smooth surface of SS is
undesirable to the attachment of CNNs.
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SS

RAPA

Figure 3.5 SEM morphologies and EDS elements characteristics of SS and RAPA.
The CNNs content on the surface of PRAPA and PSS can be measured by SEM-EDS
analysis. The N signal is regarded coming from the CNNs attached on the surface of the
aggregate (RAPA and SS). As indicated in Table 3.4, the N content of all PRAPA increases
obviously compared to that of RAPA. The N content on the surface of PRAPA-3 is
approximately 25.8% and increases to approximately 30.2% for PRAPA-5. Of interest to note is
that the N content remains nearly constant with a further increase of CNNs concentration to 7 g
L-1 (PRAPA-7). It is worth mentioning that the N signal at the bottom of CNNs coatings may not
be trapped when the thickness of coatings exceeds 3.7 µm according to the configuration of this
instrument. This demonstrates that with increasing concentration of CNNs from 5 g L-1 to 7 g L1

, the incremental amount of CNNs contributes to the improvement of coating thickness via the

overlapped CNNs, while the surface area of CNNs coatings remains unchanged, which coincides
with the SEM morphologies (Figure 3.6). The N content on the surface of PSS-5 (22.7%) is
significantly lower than that of PRAPA-5 (30.2%), which is in good agreement with the amount
of CNNs (Figure 3.4).
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Table 3.4 N content on the surface of SS, RAPA, PSS-5 and PRAPA with different
concentrations of CNNs suspensions before and after rain-wash (%).
SS RAPA PRAPA-1 PRAPA-3 PRAPA-5 PRAPA-7

PSS-5

Before

0

0

17.2±7.6

25.8±9.3

30.2±12.4 30.7±13.2 22.7±9.3

After

-

-

13.6±5.8

19.8±7.5

21.2±9.0

21.8±9.2

3.3±2.1

After the rain-wash, some thin and fragmentary CNNs coatings remain on the surface of
PRAPA (Figure 3.7). Compared with the CNNs attached directly on residual asphalt, both the
overlapped CNNs and the CNNs adsorbed on the surface without asphalt can be removed easily
after exposure to the rain-wash. Whereas, little CNNs and N content (3.3%) can be observed in
PSS-5 (Figure 3.7), indicating a weak washing resistance of PSS. It is worth noting that the
considerable content of N can be observed in PRAPA-1 (13.6%), PRAPA-3 (19.8%), PRAPA-5
(21.2%) and PRAPA-7 (21.8%) after exposure to the rain-wash. This is in good agreement with
the CNNs amount after subject to the rain-wash (Figure 3.4) and provides further evidence for
the strong resistance of the PRAPA to rain wash as compared with the PSS.
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PRAPA-1

PRAPA-3

PRAPA-5

PRAPA-7

PSS-5

Figure 3.6 SEM morphologies and EDS elements of PSS-5 and PRAPA with different
concentrations of CNNs suspensions.
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Washed-PRAPA-1

Washed-PRAPA-3

Washed-PRAPA-5

Washed-PRAPA-7

Washed-PSS-5

Figure 3.7 SEM morphologies and EDS elements of PSS-5 and PRAPA with different
concentrations of CNNs suspensions after rain wash.
The above findings indicate that the CNNs were randomly distributed on the surface of
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RAPA with or without residual asphalt. With the further increase of CNNs concentration, overlap
of the CNNs occurs due to their high surface energy. When subjected to rain-wash, most of the
CNNs are attached directly on the surface of asphalt due to the good adhesion of residual asphalt,
while both the overlapped CNNs and the CNNs adsorbed on the surface without asphalt are
removed easily. This suggests that the adhesion of the aggregate substrate is an important factor
affecting the durability of the CNNs-aggregate composites in real service condition. Using RAPA
as a substrate for the CNNs is desirable to virgin aggregates in terms of the enhancing bond
between CNNs and aggregate. It can be expected that the RAPA with a greater amount of
residual asphalt have higher surface area coated with residual asphalt, which are able to firmly
attach more CNNs particles. Considering the high hydrophobicity and good adhesion of residual
asphalt [106], it is difficult for water to replace the CNNs on the surface of PRAPA under heavy
rainfall conditions. Consequently, most of the CNNs remain attached directly on the surface of
PRAPA. In contrast, it is easy for water to occupy the surface of SS due to its natural
hydrophilicity [105]. Therefore, the CNNs on the surface of the SS can be easily replaced by
water due to the weak adhesion between CNNs and smooth surface of SS. This explanation also
applies to the observed phenomenon in this chapter.
3.3.2. Photocatalytic performance
Figure 3.8 shows the photocatalytic NOx removal performance of PRAPA and PSS before
and after exposure to the rain-wash. All PRAPA display effective NOx removal under visible
light irradiation. Before exposure to the rain wash, as the CNNs concentration increases from 0 g
L−1 (as reference) to 5 g L−1, the photocatalytic NOx removal efficiency of PRAPA increases
clearly, with the highest photocatalytic efficiency of 507.4 µmol m-2 h-1 in PRAPA-5.
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NOx Removal (mol m-2 h-1)
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Figure 3.8 Photocatalytic NOx removal of PSS-5 and PRAPA with different concentrations
of CNNs suspensions before and after rain-wash.
The photocatalytic efficiency of PRAPA-7 is nearly constant with a further increase of
CNNs concentration to 7 g L-1. This is in line with nearly the same surface area of CNNs
coatings on the surface of both PRAPA-5 and PRAPA-7 (Figure 3.6). This is reasonable against
the background that with the further increasing concentration of CNNs from 5 g L-1 to 7 g L-1, the
overlap of CNNs will not significantly improve the photocatalytic efficiency because of the
insufficient contact with light and pollutant [86, 107]. Hence, CNNs concentration of 5 g L-1 is
considered the optimal CNNs concentration at which the highest cost effectiveness can be
achieved. It should be pointed out that an increase in the photocatalytic efficiency of PRAPA
does not result in a linear increase in the CNNs concentration. This can be explained by the
overlap of CNNs even when CNNs concentration is less than 5 g L-1. On the other hand, with the
same CNNs concentration of 5 g L-1, a decrease of 19.8% in photocatalytic efficiency is observed
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in the PSS-5 compared to the PRAPA-5. This is attributable to the less content of CNNs on the
surface of PSS-5 compared to PRAPA-5 (Figure 3.4 and Table 3.4).
To test the durability property, the PRAPA was subjected to the rain-wash. As shown in
Table 3.5, the PSS-5 displays a remarkable decline in photocatalytic NOx removal efficiency by
nearly 85.7 % after the rain-wash due to massive loss of CNNs on the surface of SS (Table 3.3.
This can be further confirmed by the SEM morphologies as observed in Figure 3.7. In cases of
rain-wash, the reduction of photocatalytic efficiencies of PRAPA is less than 30% (Table 3.5).
Specifically, the PRAPA-3 and PRAPA-5 as well as PRAPA-7 retain nearly the same NOx
removal efficiency of approximately 360 µmol m-2 h-1, which is approximately 6 times higher
than that of PSS-5. This is consistent with the remaining contents of CNNs (Table 3.4), because
of strong washing resistance of PRAPA. These results clearly demonstrate that the RAPA is
superior to SS as a substrate for photocatalyst due to the enhanced photocatalytic effect and
washing resistance.
Table 3.5 Decline rate of photocatalytic NOx removal efficiency of PSS-5 and PRAPA with
different concentrations of CNNs suspensions after rain-wash (%).
PRAPA-1 PRAPA-3 PRAPA-5 PRAPA-7 PSS-5
Decline rate

9.1

22.5

28.7

28.7

85.7

In practice, the PRAPA will be applied to the exposed aggregate cementitious materials.
The photocatalytic NOx removal activities of the PEACM prepared with PRAPA/PSS are shown
in Figure 3.9.
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Figure 3.9 Photocatalytic NOx removals of PEACM before and after rain-wash.
Before exposure to rain-wash, all the PEACM exhibit sufficient NOx removal under
visible light irradiation, in spite of a reduction in NOx removal compared with PRAPA. This is
attributed to the decrease of contact areas of CNNs coatings accessible to air pollutant and light.
The photocatalytic NOx removal efficiency of PRAPA-based PEACM increases first with
increasing concentration of CNNs and then becomes almost constant. This behavior is in
accordance with the photocatalytic efficiency of PRAPA. The PRAPA-5-PEACM and PRAPA-7PEACM have a NOx removal of approximately 437.0 µmol m-2 h-1, which is considerably higher
than that of PSS-5-PEACM (256.1 µmol m-2 h-1). This may be attributed to the fact that the
hydration products in the cementitious materials as opposed to PRAPA can envelop the
hydrophilic surface of PSS more easily. All PRAPA-based PEACM retain a considerable
photocatalytic effect after exposure to the rain-wash due to excellent washing resistance of
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PRAPA, an expected observation. Whereas, the rain-wash causes a significant loss of
photocatalytic efficiency in PSS-5-PEACM, drastically decreasing from 256.1 to 60.7 µmol m-2
h-1. Specifically, the photocatalytic NOx removal efficiency (approximately 300.0 µmol m-2 h-1)
of the PRAPA-5-PEACM is approximately 5 times higher than that of PSS-5-PEACM after
exposure to the rain-wash. The results point to a great potential for application of the PRAPAbased PEACM, and provide a new route for preparation of highly cost-effective photocatalytic
building materials.
3.4. Conclusions
Based on the adhesion and hydrophobicity properties of residual asphalt, the g-C3N4
nanosheets-recycled asphalt pavement aggregate composites have been prepared and applied in
PEACM for an enhanced washing resistance. Major findings can be summarized below:
1) With a higher concentration of CNNs suspension, the photocatalytic NOx removal efficiency
of PRAPA increases first and then tends to be constant due to the limited surface area of RAPA.
2) The CNNs amount and photocatalytic NOx removal efficiency are higher in PRAPA-5 than in
PSS-5, while the CNNs loss rate of PRAPA-5 is remarkably lower than that of PSS-5 when
subjected to rain wash. After rain wash, the NOx removal efficiency of PRAPA-5 is found
approximately 6 times higher than that of PSS-5.
3) The photocatalytic effect of PEACM corresponds well with that of PRAPA/PSS in spite of a
slight reduction in photocatalytic activity. The PRAPA-based PEACM holds a remarkably
stronger rain-wash resistance than the PSS-based PEACM.
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CHAPTER 4 EFFICIENCY AND DURABILITY OF G-C3N4-BASED
COATINGS APPLIED ON MORTAR UNDER PEELING AND WASHING
TRIALS

4.1 Introduction
The hole-electron pairs produced from photocatalyst under sunlight irradiation can
degrade organic [108, 109] and inorganic [110, 111] contaminants as well as microorganism
[112, 113] in the presence of water and oxygen. Nitrogen oxides (NOx) are the major pollutants
that strongly induce environmental problems such as urban smog, acid rains and depletion of
tropospheric ozone [114, 115]. It has been well demonstrated that the NO is oxidized first to NO2
and then to HNO3 by the light activated holes and associated active species such as superoxide
(·O2-) and hydroxyl radicals (·OH) [116-119].
Titanium dioxide (TiO2) is the most used photocatalyst in photocatalytic building
materials due to its high chemical stability and relatively low price [120, 121]. Nonetheless, TiO2
suffers from disadvantages such as low exploitation of sunlight because of its relatively large
band gap (3.2 eV) [122] and fast recombination of photoinduced electron-holes [123, 124].
These somewhat impede its application. Graphitic carbon nitride (g-C3N4), also known as
nontoxic metal-free materials, has emerged as an attractive photocatalyst with a visible-light
driven bandgap (2.7 eV) and proper band edges [125, 126]. Over the past decade, g-C3N4 has
been extensively studied for environmental pollution mitigation and renewable energy generation
[127]. For instance, g-C3N4, typically prepared by the polycondensation of organic precursors
containing both carbon and nitrogen, exhibits an effective photodegradation of organic pollutants
and NOx abatement under visible light irradiation [128, 129]. Therefore, the g-C3N4 could be a
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promising alternative photocatalyst used in building materials.
The photocatalysts in the internal structure have difficulty participating in the photoinduced reactions, leading to a high cost but low efficiency of these photocatalyst products [130,
131]. The photocatalytic coatings prepared by spray coating [132, 133], dip-coating [134] and
electrospray coating [135] have been developed to apply the uniformly dispersed photocatalyst
onto the substrate surface. To date, although considerable progress on photocatalytic coatings
mainly applied on stone and glass has been achieved in the recent years [135], the underlying
mechanism of the coating application on stone or glass may not be applicable to cementitious
materials due to their inherent characteristics such as high alkalinity and complex ion
circumstances (Ca2+, Na+, OH-). The research on the photocatalytic coating applied to
cementitious materials is still at an infant stage, and previous reports mostly focused on
optimizing photocatalytic efficiency of the photocatalytic products over improving their
durability in real service conditions. The durability of the coatings is a crucial concern for largescale applications.
Hassan and co-workers [136] may be the first to evaluate the durability and resistance to
wear of TiO2 surface coating applied on concrete pavement. Since then researchers are aware of
the importance of considering the durability of photocatalytic building materials and release of
photocatalyst particles [137, 138]. Maury-Ramirez and co-workers [139] investigated the
weathering resistance of TiO2 coating on autoclaved aerated concrete through a dip-coating, and
found a decline in TiO2 content by more than 93% after intensive weathering. The loss of the
photocatalyst from coatings caused by wearing and water flow (rainfall) results in a reduction of
photocatalytic activity and service life [140, 141] as well as an increase in health damage risk to
humans [142, 143].
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For immobilization of the catalyst on the substrate against rain-wash and abrasion in
practical service conditions, various kinds of binders including acrylic resin [144],
polyethersulfone [145] and fluoropolymer [146] have generally been added in these coatings.
Vinyl ester is notable as an additive and has been widely used in coatings and adhesives with
excellent resistance to a wide variety of commonly encountered environments [147]. There are
two main approaches for fabricating the photocatalytic coatings incorporated with binder
additives. First, catalyst powders are directly dispersed into the binder suspension to form a
homogeneous composite sol for spraying or brushing process. Russa and co-workers [148, 149]
developed TiO2 coatings for cultural heritage protection and reported a nano-TiO2 coating with
desirable hydrophobicity, durability and self-cleaning properties, which was prepared by
brushing the acrylic water suspension mixed with TiO2. Secondly, an intermediate layer of the
binder is applied on the substrate before installation of the photocatalytic layer. Persico and coworkers [150] developed a multilayered transparent fluoropolymeric coating applied on the
quartz sheath for degradation of hydrosoluble pollutants, and the perfluorinated amorphous
polymer that acts as a hydrophobic primer coating can not only improve the adhesion between
the latter photoactive layer and the quartz, but also prevent water penetration. The SiO2 layer was
applied on cement substrate before the TiO2 layer was sprayed, leading to an improved adhesion
for TiO2 coatings and a protective layer for substrate [151]. These organic-inorganic hybrid
coatings, however, were developed and investigated mainly in laboratory conditions. Few reports
on the resistance to wear and rain wash of these hybrid coatings applied to mortar substrate is
available [152, 153].
From a literature survey, little effort has been devoted to optimizing the method of binder
addition technique in term of efficiency and durability when preparing photoactive coating on the

55

mortar surface. In this chapter, the mortars were coated with two novel visible light-responsive
coatings composed of vinyl chloride/vinyl ester/ethylene copolymer (as a binder) and g-C3N4.
First, the binder suspension mixed with g-C3N4 was sprayed on the mortar to form the coating.
Secondly, the binder water suspension is applied on mortar surface before the g-C3N4 suspension
is sprayed. The g-C3N4 suspension without binder is sprayed on mortar as a control group. Under
a peeling action and a simulated rain-wash process, the durability of these coated mortars was
evaluated in view of g-C3N4 loss from the mortar surface by qualitative-quantitative SEM-EDS
analysis. Hydrophobicity of these coated mortars is monitored by water contact angle
measurements. The photocatalytic performances of the coated mortars were assessed in terms of
NOx removal under visible light before and after the durability tests (i.e. peeling test and washing
test). This work provides a good reference for optimizing the efficiency and durability of the
mortars with photocatalytic coatings.
4.2 Experimental
4.2.1 Materials and mortar substrate
Sinopharm Chemical Reagent Co. Ltd. provided urea without further purification. The
binder was mainly composed of vinyl chloride/vinyl ester/ethylene copolymer. The
characteristics of the binder are listed in Table 4.1. A grade of 42.5 R Portland cement was used.
Deionized water was used throughout the experiments. The mortar substrate was fabricated with
a constant mix proportion of water: cement: sand as 0.5: 1: 3 by mass. The fresh mortars were
cast in the specific discs (Ф30 mm × 15 mm) and compacted carefully on a vibration table.
Afterward, all the specimens were demolded after 24 hours, and then transferred into a curing
chamber (20 °C and 98% relative humidity) for another 27 days. Preparation of g-C3N4 has been
described in detail in subsection 2.2.2 [154].
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Table 4.1 Characteristics of the binder (vinyl chloride/vinyl ester/ethylene copolymer).
Dynamic Viscosity (mPa·s) Solid Content (%) PH Value Density (kg/m3)
80~120

52 ± 1

7~9

1.1

4.2.2 Coating deposition
Two different procedures including mono-layer coating (MC) technique and double-layer
coating (DC) technique were applied on the mortar to prepare the g-C3N4-based coatings. A
diagram for illustrating the preparation process is shown in Figure 4.1. The binder was
completely dissolved in deionized water via vigorous stirring at room temperature for 1 hour and
became a homogeneous binder suspension (1 wt%). The g-C3N4 suspensions A and B (15 g L-1)
were obtained via 2 hours’ sonication of the g-C3N4 powders in deionized water and in the binder
suspension, respectively. The g-C3N4 suspension B was directly sprayed on the mortar to a
monolayered g-C3N4-based coating mortar, denoted as MCM. To prepare the mortar coated with
double-layered g-C3N4-based coatings, the binder suspension was first sprayed on the surface of
mortar, and then dried at ambient temperature for 3 min before spraying the g-C3N4 suspension
A, denoted as DCM (double-layer g-C3N4-based coating mortar). For both MCM and DCM,
approximately 0.7 mg cm-2 of binder was applied on each sample. The g-C3N4 suspension A was
sprayed on the mortar as a control sample. After coating, the coated mortars were dried for 24 h
in a controlled laboratory environment (25 ± 2 ℃ and 30 ± 5% RH) and stored in dark
conditions. For all the coated mortars, approximately 1.0 mg cm-2 of g-C3N4 was applied.
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Figure 4.1 Schematic illustration on the preparation of the coated mortars.
4.2.3 Durability tests
The durability of the coated mortars was evaluated via peeling test and water wash
process. The peeling experiment was performed according to a method reported previously,
which was used for evaluating the surface cohesion of mortars and stones [155, 156]. In a typical
process, a commercial adhesive tape (M&G Chenguang Stationery co., Ltd.) was stuck to the
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surface of the coated mortar and smoothed with gentle finger pressure; after 10 seconds, the tape
was removed rapidly. The test for each sample was repeated for a couple of times preassigned.
New strips were used for each time.
The rain-wash is the most ubiquitous deterioration factor affecting the whole building
facades and it is a primary concern for the durability of the coated mortar in real service
conditions. The rain-wash process was simulated according to the set-up shown in Figure 3.2.
4.2.4 SEM-EDS analyses
Scanning Electron Microscopy (SEM) equipped with Energy-dispersive X-ray
spectroscopy (EDS) (Bruker Quanta 250) was used to observe the morphology of the coatings on
the mortars and to investigate the distribution of Nitrogen (noted as N hereafter) on the mortar
surface. Comparative SEM observations and quantitative analyses of N by EDS were performed
before and after the durability tests, to study the effect of the peeling action and the rain-wash
process on the coated mortar. Morphological and elemental analyses were performed at an
accelerated voltage of 15 kV. Distribution maps of element were acquired in Live Spectrum
Mapping mode. The analytic time was 10 min for each EDS scan.
4.2.5 Contact angle measurements
Water contact angle (WCA) of the coated mortars was measured in order to evaluate the
hydrophobicity of the coatings before and after the durability tests and after exposure to
light/dark. A contact angle meter (OCA20, Dataphysics) was used to measure the WCAs. A water
droplet (5 μL) was gently placed on the surface of the coated mortars using a microsyringe. Five
locations on the coatings were chosen to measure the WCA and these were then averaged to
report the equilibrium contact angle.
4.2.6 Photocatalytic NOx removal test
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The capability of air purification by the coated mortars was evaluated by photocatalytic
NOx abatement in a continuous reactor under visible light irradiation, based on a regular
photocatalytic procedure ISO/DIS 22197-1. The schematic diagram of NOx removal
experimental set-up is shown already in Figure 2.5 [158]. Each test was repeated three times to
obtain an average value. The amount of NOx abatement was expressed as a subtraction of the
NO2 generated from the NO removed according to previous reports [131, 157]. The calculation
of the amount of NOx abatement can be referred to Equation (2.1).
4.3 Results and discussion
4.3.1 Microscopic observations
Figure 4.2 shows the microstructure of the coated mortars before the durability tests. The
g-C3N4-based coatings can be observed clearly on all the samples, and mask the original surface
morphology of the mortars. These coatings are consistent with EDS distribution maps where
abundant C and N can be detected. The abundant cracks with raised edges can be observed on
the control (Figure 4.2a). The obvious gaps between the mortar substrate and the coatings can
also be found in the cross-sectional images (Figure 4.2d), suggesting a low anchorage of the
coating to the mortar substrate. This can be explained by the fact that the g-C3N4 particles adhere
to each other more strongly than their adhesion to the mortar substrate due to the high surface
energy of the g-C3N4 particle. The MCM shows a smooth surface without visible crack (Figure
4.2b). This is attributed to the bonding effect of the intermixed binders between the g-C3N4
particles. Meanwhile, thanks to the adhesion of the binders, the coatings are attached tightly onto
the mortars (Figure 4.2e), presenting a good anchorage of the coatings to the mortar substrate.
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Figure 4.2 Morphologies of the coated mortar surfaces and cross sections: (a) and (d) control;
(b) and (e) MCM; (c) and (f) DCM.
At higher magnifications (Figure s 4.3a and 4.3b), it is obvious that the g-C3N4 particles
were covered by the amorphous binders compared to the identifiable g-C3N4 particles on the
control. This corresponds well with the uniform distribution of Cl in the coatings. For the DCM
(Figure 4.2c), the size of the micro cracks is smaller than that on the control, but larger than that
on the MCM. This can be ascribed to the different distribution of the binders in the two samples.
Compared to the uniformly distributed binders in the g-C3N4 layer (MCM), the insertion layer of
the binders in the DCM only provided an anchoring effect for the bottom of the g-C3N4 layer.
Hence, the cohesion of g-C3N4 particles still cause a few cracks on the g-C3N4 layer. Compared
to the control with observable rough mortar substrate in the cracks, the smooth surface composed
of binders is observed in the bottom of the micro cracks. This is in coincidence with the
distribution of Cl on the surface of DCM. Additionally, the coatings on the DCM are stuck
closely on the substrates, showing a good anchorage on the mortar surface. In the cross-sectional
images (Figure 4.2f), the compatible binders attached compactly on the mortar were in close
contact with the g-C3N4 layer, displaying a good bond between the g-C3N4 layer and the mortar
substrate.
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Figure 4.3 Surface morphologies of (a) control and (b) MCM at high magnifications.
Figure 4.4 shows the surface morphology of the control, MCM and DCM after 5 times of
peeling action. For the control, the peeling action results in a large removal of the fissured
coatings, leaving a rough surface morphology of the mortars and indicating a weak resistance to
human touch. This can be attributed to the low adhesion of the mortar substrate. The MCM
exhibits some rough mortar surface after peeling, while most coatings remained on the surface
due to the improved adhesion from the intermixed binders. It has been reported that the
intermixed binders can improve the wearing resistance and stability of the coatings on the
substrate [159]. In case of the DCM, the surface morphology is almost unchanged after peeling
in spite of a little exfoliation of the g-C3N4 layer, indicating a strong resistance to peeling. This
can be attributed to the strengthened bonding effect provided by the binder layer between the
mortar substrate and the g-C3N4 layer.

a

b

c

Figure 4.4 Surface morphologies of (a) control; (b) MCM and (c) DCM after peeling.
Figure 4.5 shows the microscopic morphologies for the control, MCM and DCM after 60
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min washing. The control exhibits extensive rough surface of mortar substrate with few
fragments of g-C3N4 layer (Figure 4.5a), indicating that the water washing has a severe impact
on the coatings of the control, almost a complete loss of the coating. These findings demonstrate
that the direct application of photocatalyst particles onto the mortar is not effective due to the
weak resistance to washing and peeling. For the MCM, the larger area of g-C3N4 layer remained
after washing compared to that on the control. This is attributed to the bonding effect of the
intermixed binders, resulting in a better resistance to washing. It should be pointed out that the
bonding effect of the intermixed binders in this MCM is limited due to the relatively low amount
of intermixed binder. As a result, the CNNs coatings on the MCM were partially removed from
the surface, leaving rough mortar surface when subjected to the simulated rain-wash (Figure
4.5b). As for the DCM, most g-C3N4 layers were still attached on the surface after washing,
demonstrating a strong washing resistance. This can be attributed to the strong adhesion provided
by binder layer. It is noteworthy that the larger cracks can be seen on the DCM after washing,
suggesting that the main loss of g-C3N4 occurs at the discontinuous coating edge. The study on
further optimization of the durability of the coated mortars is in progress to improve the
continuity of the coating on the mortar.
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b

c

Figure 4.5 Surface morphologies of (a) control; (b) MCM and (c) DCM after 60 min
washing.
In order to further investigate the effect of peeling and washing on the coated mortars, the
EDS analysis was used to check the N content in the coatings before and after the durability
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tests. The N signal can be regarded as coming from g-C3N4 attached on the surface of the coated
mortar, and the N content measured on the surface of the coated mortars are reported in Table
4.2. The content of N recorded on the surface of coated mortars after the washing trial was
remarkably lower than that after the peeling trial. Accordingly, the washing trial has a larger
deterioration impact than the peeling trial. As expected, the control exhibits the lowest N content
after peeling and washing, reduced by 59% and 79%, respectively. Due to the adhesion of the
intermixed binders, the reduction of the N content on the MCM was smaller, 26% and 29 %
respectively, than that of the control after peeling and washing. Meanwhile the remaining N
content of MCM, which is higher than that of the control, drops from approximately 39.3% to
29.1% and 16.2%, corresponding to peeling test and washing test, respectively. More
importantly, the DCM shows the least reduction in the N content after peeling and washing,
about 15% and 21% respectively, and retains the highest content of N compared to the MCM and
the control, indicating the strongest resistance to peeling and washing. As mentioned above,
different treatments of binders have dramatically different effects on the durability of the
coatings. Compared to the intermixed binder in the coating, a prior layer of binder contributes to
the stronger resistance to coating exfoliation under peeling and washing trials.
Table 4.2 N content measured on the mortar surface (%).
Before Durability

After 5 times of

tests

peeling

Control

44.4 ± 5.4

18.1 ± 3.5

-59%

9.5 ± 2.2

-79%

MCM

39.3 ± 6.8

29.1 ± 6.3

-26%

16.2 ± 3.4

-59%

DCM

43.4 ± 4.6

37.1 ± 8.6

-15%

34.5 ± 6.7

-21%

4.3.2 Contact angle measurements
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After 60 min of

Δ

washing

The wetting property of the coated mortars was investigated by the water contact angle
(WCA) measurements. The results for MCM and DCM before and after durability tests are listed
in Table 4.3. The WCA for the control cannot be detected, owing to the strong capillary water
absorption of the mortar substrate and the fragmented g-C3N4 layer. Before the durability tests
the WCA values of both MCM and DCM are higher than 80°, indicating an improved resistance
to water penetration due to the inherent hydrophobic behavior of the binder. This is favorable for
protecting the substrate from aggressive environmental hazards. After the durability tests, the
WCA values of both MCM and DCM decrease slightly after the exfoliation of coatings, and the
tested WCA value of DCM is clearly higher than that of MCM.
Table 4.3 Water contact angles of the coated mortars (°).
Before durability tests After 5 times of peeling

After 60 min of washing

Control

0

-

-

MCM

80.9 ± 3

70.3 ± 5

61.0 ± 6

DCM

83.1 ± 2

75.5 ± 6

70.1 ± 6

The change of the WCA after exposure to light/dark is further monitored. Figure 4.6
shows the results. After 4 hours of irradiation, the WCA value of MCM and DCM drastically
decreases to 18.7° and 8.7 ± 5°, respectively, both exhibiting a hydrophilic surface. This can be
attributed to the increase in hydroxyl-group concentration on the surface of the g-C3N4 in the
presence of water molecules under light irradiation. It was reported [160] that the hydrophilicity
induced by the photocatalyst under solar radiation can be responsible for the decrease in the
contact angles in the mixture coatings. After keeping the sample in dark for 12 hours, the WCA
value increases again, reaching 63.4 ± 10° and 67.2 ± 12° for DCM and MCM, respectively. This
can be explained by the fact that the hydroxyl groups are slowly replaced by atmospheric oxygen
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[161].

100
Light

MCM
DCM

Dark

Water contact angle ()

80
60
40
20
0
0

4

8

12

16

20

24

28

Time (h)

Figure 4.6 Change of WCA with exposure to light/dark.
4.3.3 Photocatalytic activity of the coated mortars
The photocatalytic performance of the coated mortars before and after subjecting to
various degrees of peeling and washing is shown in Figures 4.7 and 4.8, respectively. Table 4.4
presents the loss rate of the NOx removal efficiency of the coated mortars after 5 times of peeling
and 60 min of washing. Before these durability tests, all the coated mortars show a highly
efficient NOx removal under visible light irradiation. This is reasonable given that the active
species (·O2- and ·OH) formed on the g-C3N4 can oxidize NOx to NO3- [162]. Among the three
samples, the DCM presents the highest photocatalytic NOx removal efficiency (283.9 μmol m-2
h-1) than the control and the MCM. The MCM exhibits the lowest photocatalytic NOx removal
efficiency (230.8 μmol m-2 h-1), caused by coverage of the g-C3N4 by the binders. This respect is
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evidently supported by the observations from SEM image (Figure 4.4). The masking effect of the
binders becomes pronounced with an increasing content of the binders due to the higher
probability of g-C3N4 covered by binders, resulting in a remarkable decrease in the NOx removal
efficiency of MCM. This is in good agreement with the findings reported previously [163].
Table 4.4 Loss rate of the NOx removal efficiency of the coated mortars after 5 times of peeling
and 60 min of washing (%).
After 5 times of peeling

After 60 min of washing

Control

56.8%

81.9%

MCM

34.1%

55.3%

DCM

18.1%

28.8%

As shown in Figure 4.7, with the increased times of peeling, the photocatalytic NOx
removal efficiency of all the coated mortars shows a decreasing trend. The control exhibits the
largest decline about 56.8% compared to the MCM and DCM after 5 times of peeling action.
This corresponds well with the large loss of g-C3N4 on the mortar surface due to the weak
adhesion of the mortar substrate (Table 4.2). After 5 times of peeling action, the photocatalytic
NOx removal efficiency of the MCM is about 152.1 μmol m-2 h-1, which is 33.3% higher that of
the control (114.1 μmol m-2 h-1). This is attributed to the fact that the intermixed binders are able
to help preserve g-C3N4 particles on the surface. As for the DCM, the peeling action causes the
least loss of photocatalytic performance (18.1%), dropping from 283.9 to 232.5 μmol m-2 h-1.
After 5 times of peeling action the DCM presents the highest photocatalytic NOx removal
efficiency, which is 2.0 and 1.5 times higher than that of the control and the MCM, respectively.
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Figure 4.7 Photocatalytic NOx removal efficiency of coated mortars subjected to peeling
action.
The photocatalytic NOx removal efficiency has decreased for all the coated mortars after
exposure to the washing trials, as shown in Figure 4.8. With the increase of the washing time
from 20 min to 60 min, a further decreasing trend of the photocatalytic NOx removal efficiency is
observed for all the samples. The control suffers an enormous reduction of about 81.9% in the
NOx removal efficiency after 60 min of washing, falling from 264.4 μmol m-2 h-1 to 47.8 μmol m2

h-1, suggesting a fragile resistance to washing. It is reasonable to consider that application of the

photocatalyst without additives on the actual building surfaces is impracticable due to the weak
stability of coatings and low long-term photocatalytic performance. For the MCM, distribution of
the binder in the coatings can help to improve the bonding between g-C3N4 and mortar substrate.
After 60 min of washing, the MCM shows a NOx removal efficiency of 103.2 μmol m-2 h-1,
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which is 2.1 times higher than that of the control. It is worth noting that the DCM exhibits the
lowest loss of NOx removal efficiency of about 28.8% compared to the MCM and the control
when subjected to 60 min of washing action. In contrast, the DCM retains the highest NOx
removal efficiency of 202.1 μmol m-2 h-1, which is in line with the highest N content observed
above (Table 4.2), and it is 1.9 times and 4.2 times higher than that of the control and the MCM,
respectively. Hence, a coating approach at which the highest NOx removal efficiency of the
coated mortars after peeling and washing are achieved is optimized. Furthermore, the
relationship between photocatalytic NOx removal efficiency and N content on the mortar surface
is established, as shown in Figure 4.9. It can be observed that a linear relationship exists between
the NOx removal efficiency and the N content, with a regression coefficient R2 of 0.987.
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Figure 4.8 Photocatalytic NOx removal efficiency of the coated mortars versus washing time.
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Figure 4.9 Relationship between photocatalytic NOx removal efficiency and N content on the
mortar surface.
4.4 Discussion
Application of photocatalyst as coating on the outdoor exposed building materials has
been intensively developed for self-cleaning and depollution [164, 165]. Incorporation of the
binder with photocatalyst, a type of hybrid coating, is an often-adopted approach to guarantee the
long-term property of the photocatalytic coating in real service condition. [148, 160]. However,
few reports on the durability of the hybrid coating applied to mortar substrates are available, and
little effort has been devoted to optimizing the binder addition technique in term of efficiency
and durability when preparing photoactive coating on the mortar surface. In this work, two
binder addition techniques have been successfully applied to fabricate novel visible lightresponsive coatings, composed of vinyl chloride/vinyl ester/ethylene copolymer and g-C3N4, on
mortar surface. Their photocatalytic NOx removal efficiency and resistance to peeling and
washing are investigated and compared in detail.
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Figure 4.10 illustrates the influence of different approaches of binder addition on the
photocatalytic activity and durability of the coated mortars based on the above results. For the
MCM, the intermixed binders are almost uniformly distributed in the g-C3N4-based layer. The
binders distributed on the upper surface of the coatings are detrimental to the photocatalytic
activity due to its masking effect that drastically weakens the contact of the g-C3N4 with the NOx.
The lowest NOx removal efficiency before the durability tests is in the MCM compared with the
control and the DCM. Due to the drying shrinkage, the control exhibits discontinuous coatings
with large cracks, leading to a reduction in surface areas of the g-C3N4 coatings. This is
detrimental to the photocatalytic reaction. While the DCM presents smooth coatings with smaller
crack due to the good adhesion provided by the pre-inserted binder layer. As a result, the initial
photocatalytic NOx removal efficiency of the DCM is higher than that of the control.
Previous studies [156, 166] on durability of TiO2 coatings applied on different substrates
have shown the high surface roughness of substrate along with good durability of the photoactive
coating due to the favorable adhesion of the substrate. Nonetheless, the aggressive peeling and
washing actions can cause a significant loss of g-C3N4 layer on the control in spite of its
sufficiently rough surface. This demonstrates that the surface roughness of substrate holds
limited role on the durability of the coatings against the mechanical effects of human touch and
real rain, and the direct application of photocatalyst particles onto the mortar is inadvisable due
to their poor durability.
For the MCM, the binders on the bottom of the coatings can contribute to the bonding
effect between the mortar and the g-C3N4-based layer, resulting in a good resistance to peeling
and washing. It is reasonable to consider that a bigger amount of binders on the bottom of the
coatings, from the MCM with a larger content of binders, can provide more bonds between the
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mortar and the g-C3N4-based layer. However, the increased content of the intermixed binders
tends to cause a reasonable increase in the amount of binders on the upper surface of the
coatings, resulting in a decline in the photocatalytic performance. It can then be deduced that the
MCM with the stronger resistance to coating exfoliation under peeling and washing trials holds
inevitably the lower photocatalytic efficiency. This partly impedes its large-scale application due
to high cost and low efficiency.
As for the DCM, the double-layer structure takes full advantage of binder adhesion by
employing an intermediate binder layer before construction of the g-C3N4 layer. The binder layer
can provide sufficient adhesion for the g-C3N4 layer without compromising its photocatalytic
efficiency, resulting in strong resistance to peeling and washing. What’s more, the dosage of the
binder layer can be increased to acquire desirable bonds between the mortar substrate and the gC3N4 layer without any adverse impact on its photocatalytic activity. The proposed double-layer
coating technique, which overcomes the contradiction between durability and efficiency in the
conventional mono-layer coating, proved to fabricate durable photocatalytic coating on
cementitious materials without compromising its photocatalytic efficiency. It should be pointed
out that the intermediate binder layer only contributes to bonding effect on the bottom of the gC3N4 layer. A few cracks occur accordingly on the surface of the g-C3N4 layer, which will be a
potential source for loss of the coatings when subjected to the action of the peeling and washing.
Improvements on the coating for uniformity without cracking to achieve better durability will be
the subject of a further study.
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Figure 4.10 Schematic illustration of the photocatalytic activity and durability of the coated
mortars fabricated by different approaches.
The primary objective of this article is to propose preliminary strategy to fabricate highly
cost-effective and durable photocatalytic coatings applied on cementitious materials, and provide
the information on the mechanical resistance to peeling and washing of these coatings. The
durability assessment on surface carbonation and ageing of the proposed double-layer coating
applied on cementitious materials is worthwhile to continue in detail for further study. The
carbonation of cementitious materials is a universal phenomenon, where the formation of calcite
via chemical reaction between calcium hydroxide in the cement paste and carbon dioxide (CO2)
from the air can block the surface of the catalyst [167]. The binder acts as a barrier that can
sufficiently prevent the contact between the mortar surface and the CO2 in the air. The binder in
MC is usually randomly distributed and can be relatively poorly connected. The binder in DC, in
contrast, is present as a whole on the mortar surface and is therefore well connected, as already

73

illustrated in Figure 4.10. In this sense, the resistance to CO2 ingress of the DC should be
stronger than that of the MC. Moreover, in the field of photocatalytic coatings, special effort
should be paid to the well-known issue that polymeric binder can be degraded in the process of
photocatalysis. The photocatalysis occurs primarily on the surface of the coating that is
accessible to the light. In the MC, the oxidative species (·O2- and ·OH) formed on the surface are
prone to degrade the binder around the surface. As for the DC, the oxidative species need to pass
through the g-C3N4 layer to degrade the binder layer. In this penetration process, the oxidative
species may be partly consumed. What’s more, the g-C3N4 layer provides a shield for the binder
layer to protect against UV radiation. Consequently, the resistance of DC to ageing can be
stronger than that of MC. In addition, by increasing the thickness of g-C3N4 layer in the coating,
the photo-induced degradation of the binder layer can reasonably be decreased. A more detailed
and complete experimental study is in the stage of development to provide a solid validation for
the more durable behaviors of the DC when used in real engineering practice.
4.5 Conclusions
Two novel visible light-responsive coatings composed of vinyl chloride/vinyl
ester/ethylene copolymer and g-C3N4, which are applied on mortar surface, have been developed
by two binder addition techniques including mono-layer coating (MC) technique and doublelayer coating (DC) technique, respectively. The g-C3N4 suspension without binder is sprayed on
mortar as a control group. The coated mortars hold efficient NOx removal efficiency under
visible light irradiation and desirable hydrophobicity. Major findings can be summarized below:
1) In spite of high surface roughness of mortar, the control exhibits discontinuous coatings with
large crack due to the drying shrinkage, showing a low anchorage to mortar substrate. This
can be responsible for the week resistance to peeling and washing.
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2) Compared to the control, the MC and DC mortars present a better anchorage to mortar
substrate due to the adhesion of the binder, along with a better resistance to peeling and
washing. The addition of binder accounts for the hydrophobicity of MC and DC mortars.
3) Before the durability tests (i.e. peeling test and washing test), the MC mortar exhibits the
lowest photocatalytic efficiency compared to both the control and the DC mortar due to the
masking effect of the intermixed binder. The MC mortar with higher amount of binder has
the lower photocatalytic efficiency, which impedes its practical application due to the high
cost and low effectiveness.
4) Contradiction between durability and efficiency often exists in the conventional MC. The
proposed DC technique, which overcomes that contradiction, proved to fabricate durable
photocatalytic coating on cementitious materials without compromising its photocatalytic
efficiency.
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CHAPTER 5 CONCLUSIONS AND PROSPECTS

To address the environmental and durability issues associated with the use of nano-TiO2
in concrete, this work focused on developing an environmentally friendly and durable
cementitious system based on synergistic activities of multifunctional photocatalytic Graphitic
carbon nitride (g-C3N4).
The photocatalytic cementitious composites (PCC) were prepared in three different
approaches:
(1) Incorporating g-C3N4 nanosheets (CNNs) in Portland cement at three mixing dosages

(0.5%, 1% and 2% by weight of cement).
(2) Applying CNNs suspension at various concentration levels as the coating on recycled

asphalt pavement aggregate (RAPA).
(3) Applying CCNs suspension with vinyl chloride/vinyl ester/ethylene copolymer (as a

binder) as the coating on cement mortar.
The photocatalytic performance and durability of the newly developed photocatalytic
cementitious composites were evaluated systematically. For the first approach, it was found that
a moderate amount of CNNs (below 2%) in cementitious composites was effective in achieving
an improved photocatalytic depollution and self-cleaning performance under visible light. The
second approach found that the cohesive property of residual asphalt is beneficial to the
attachment CNNs on the surface of RAPA due to a strong bond between CNNs and RAPA.
Compared to the CNNs-standard sand cementitious composites, the photocatalytic exposed
aggregate cementitious materials (PEACM) showed the higher photocatalytic activity and better
resistance to rain-wash. For the third approach, two types of coating methods were applied with
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CNNs/binder on mortar surface, i.e., mono-layer coating (MC) and double-layer coating (DC).
Results show that the binder addition leads to a good anchorage of the g-C3N4-based coatings on
both MC and DC mortar substrates, along with desirable resistance to peeling and washing,
compared to the g-C3N4 coated mortar without the binder. The well-distributed binder in g-C3N4based coating inevitably decreases the photocatalytic efficiency of the MC mortar due to
masking effect of the binder on the coating surface. The DC mortar, on the contrary, takes full
advantage of the binder adhesion by inserting a binder layer and therefore holds strong resistance
to peeling and washing without compromising its photocatalytic efficiency.
While this work mainly showcases the photocatalytic behavior and durability of the
cementitious composites with CNNs, the obtained knowledge sheds light on future possibilities
for developing a novel systematic strategy towards air-purifying, corrosion resistant, and selfhealing concrete infrastructure. In particular, the future work is expected to manipulate cement
chemistry and implement a molecular immobilization mechanism of g-C3N4 within a
multifunctional host composite, e.g. Layered Double Hydroxide (LDHs). In addition to g-C3N4LDH, synthetic microcapsules of various sizes and tunable mechanical properties containing
healing agent will be applied synergistically for self-healing purpose.
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