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Abstract: Nano-TiO2 combined with cement slurry can be utilized to degrade nitrogen oxides (NOx)
in vehicle exhaust, making it an excellent photocatalytic material for air purification. In practice,
environmental factors can significantly affect the photocatalytic performance. In this study, a vehicle
exhaust test system was developed, and the test methods and evaluation criteria for the degradation
test are provided. This study investigated the photocatalytic degradation of NO2 using nano-TiO2

cement slurry through laboratory tests. The effects of temperature, relative humidity, ultraviolet (UV)
radiation flux, cement slurry thickness, surface dust adherence, and the number of water rinsing
cycles were examined. Additionally, nano-TiO2 cement slurries were applied to an expressway
toll station. The results showed that the efficiency of photocatalytic degradation was significantly
influenced by temperature and UV radiation flux, while the thickness of the cement slurry had
minimal impact. The photocatalytic degradation efficiency was negatively correlated to the relative
humidity, when the relative humidity of the cement slurry specimens was high. This is because
the excess water (H2O) competes with NO2 for adsorption. The photocatalytic performance of the
samples was significantly reduced by surface dust and rain erosion, as both led to a decrease in the
amount of nano-TiO2 participating in the reaction. Furthermore, the photocatalytic material has
wide-ranging potential applications. The findings of this study would support the promotion of
environmentally friendly roads as a strategy to combat air pollution.

Keywords: nano-TiO2 cement slurry; photocatalytic degradation; influencing factor; vehicle exhaust;
field application

1. Introduction

With the prevalence of industrialization and urbanization, society has entered the
automobile era. In 2020, the number of cars in China exceeded 200 million [1]. In addition,
vehicle exhaust emissions account more than half of total nitrogen oxide (NOx) emissions in
some countries [2]. Vehicle exhaust emissions can reduce lung function, thereby increasing
the risk of respiratory diseases [3–5]. NOx emitted from vehicle exhaust is a major contribu-
tor to air pollution, posing significant hazards to human health and the environment [6–9].
Furthermore, previous studies have suggested that nitrogen dioxide (NO2) is linked to
a higher occurrence of diabetes and cardiovascular diseases [10,11]. In addition to NOx,
carbon monoxide (CO) is another significant contributor to air pollution, leading to the
greenhouse effect and acid rain [12–14]. Therefore, strict management of vehicle exhaust
emissions is essential to protect the environment.

The management of vehicle exhaust has become a prominent issue worldwide. Cur-
rently, most methods focus on developing new energy sources and controlling engine
exhaust to reduce the content of harmful substances in emissions. Hooftman et al. [15]
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found that electric vehicles could have a positive impact on urban air quality, but they
also noted the significance of their non-exhaust emissions. Venu et al. [16] combined
nanoparticle-mixed palm biodiesel with exhaust gas recirculation, and the results showed
that this new method could simultaneously reduce the emissions of harmful substances
such as CO and NOx. However, due to the rapid increase in vehicle ownership, the overall
volume of harmful emissions remains substantial [17].

With the rapid development and popularization of photocatalytic technology, re-
searchers are exploring the creation of new photocatalytic road materials to degrade vehicle
exhaust. The catalytic degradation of vehicle exhaust is achieved by incorporating pho-
tocatalytic materials into pavements or auxiliary facilities. Nano-TiO2 is an outstanding
photocatalytic material capable of oxidizing harmful substances like CO, HC, and NOx
from vehicle exhaust into environmentally friendly compounds such as CO2, H2O, and
HNO3 under ultraviolet (UV) light irradiation [18–21]. Nano-TiO2 loaded on a cementitious
material for purifying vehicle exhaust has been widely used [22–24]. In 2012 [25], a ~0.4 km
photocatalytic concrete pavement was first paved in Louisiana, USA. Shen et al. [26] in-
vestigated TiO2 as a catalyst in pervious concrete to promote a more environmentally
friendly urban road infrastructure. Xia et al. [27] developed a visible light-responsive and
durable photocatalytic coating based on water-based acrylic emulsion for the degradation
of vehicle exhaust. Witkowski et al. [28] confirmed the effectiveness of photocatalytic
concrete pavements for reducing nitrogen oxide (NO) based on the results of a field study
in Warsaw. Wang et al. [29] utilized the photocatalyst g-C3N4 and nano-TiO2 to modify the
asphalt binder. The study findings showed that the photocatalyst had a significant ability
to degrade NO.

Nano-TiO2 has broad prospects in the field of organic and inorganic pollutant degra-
dation, and the factors affecting the degradation efficiency in its application are worth
exploring. Bhattu et al. [30] analyzed the efficient removal of emerging organic pollutants
from water using various nanomaterials (NMs). Their findings indicated that NMs were a
highly effective and easily synthesized solution for water remediation to address emerging
pollutants. Das et al. [31] demonstrated the application of nanotechnology in soil, water,
food, and air pollutants. Qian et al. [32] examined the influence of NO2 concentration on the
photocatalytic efficiency of TiO2-loaded cement-base materials. Luo et al. [33] developed an
environmentally friendly pervious concrete with photocatalytic properties that can enhance
performance under both UV and sunlight. Jin et al. [34] discovered that the inclusion of Cu,
Ce, and Fe significantly improved the photocatalytic degradation rate of NO and HC gases
by TiO2 pillared montmorillonite. Kuang et al. [35] investigated the optimal nano-TiO2
doping, which was found to be 8–10% of the cement mass. Jin et al. [36] investigated
the impact of TiO2 pillared montmorillonite nanocomposites on the properties of matrix
asphalt and their catalytic capacity for vehicle exhaust. Saber et al. [37] investigated the im-
provement of the photocatalytic activity of Au@TiO2/rGO heterojunction nanocomposite
under UV irradiation.

However, the study of how experimental factors affect the photocatalytic performance
of nano-TiO2 cement slurry is relatively incomplete. It is clear that nano-TiO2 cement slur-
ries need to be exposed to the external environment for the photocatalytic reaction to take
place. Consequently, the potential problem of rainwater washout needs to be considered
for practical applications. This is particularly important for the practical application of
nano-TiO2 cement slurry. Furthermore, few studies have combined indoor testing of nano-
TiO2 cement slurry with field applications. Another often overlooked issue is the selection
of reliable metrics to accurately represent the degradation efficiency. Currently, most of
the methods used to evaluate the efficiency of photocatalytic degradation of nano-TiO2
cement slurry simply involve subtracting the initial reactant concentration from the concen-
tration after the reaction [38–40]. However, these methods often overlook the adsorption of
reactants by the nano-TiO2 cement slurry itself.

In this study, we fabricated the nano-TiO2 cement slurry using the ultrasonic dispersion
method, developed a vehicle exhaust test system, and then determined a more accurate
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degradation efficiency evaluation index. Subsequently, the impact of temperature, relative
humidity, UV radiation flux, cement slurry thickness, dust accumulation on the surface,
and the number of water rinses on the efficiency of NO2 photocatalytic degradation by
nano-TiO2 cement slurry was investigated through indoor tests. Furthermore, we applied
the nano-TiO2 cement slurry at an expressway toll station and demonstrated its potential
for application.

2. Mechanism of Nano-TiO2 Cement Slurry Photocatalytic Degradation of Vehicle Exhaust

Nano-TiO2 is a novel semiconductor material with a wide energy band gap and
outstanding photocatalytic properties. Nano-TiO2 has two energy bands: the conduction
band (CB) and valence band (VB), which depend on whether they are filled with electrons
(e−). The energy gap between these two bands is called the forbidden band. Nano-TiO2
exhibits photocatalytic properties when irradiated by UV light with energy greater than or
equal to the forbidden bandwidth of 3.2 eV, corresponding to a wavelength of 387.5 nm or
less [41–43]. In this case, electrons in the VB leap to the CB, forming holes (h+) in the VB
and hole–electron pairs with strong redox capabilities. When electrons are released from
the surface of nano-TiO2, they convert atmospheric oxygen into superoxide ions (·O2

−),
which possess oxidizing properties, as shown in Equation (1). The superoxide ions further
react to generate hydroxyl radicals (·OH) with strong oxidizing properties, as shown in
Equations (2)–(4). Simultaneously, the h+ also exhibit strong oxidation, allowing them
to capture the electrons in H2O and OH− on the surface of the particles to produce ·OH
radicals, as shown in Equations (5) and (6).

e− + O2 → ·O−
2 (1)

·O−
2 + H2O → HOO·+ OH− (2)

2HOO· → H2O2 + O2 (3)

H2O2 + e− → ·OH + OH− (4)

H2O + h+ → ·OH + H+ (5)

OH− + h+ → H2O (6)

The ·O2
− ions and ·OH radicals catalyze the decomposition of harmful gases, as

shown in Equations (7)–(9). The NO3
− ions generated by the reaction attach to the surface

of the catalyst and are carried away when exposed to water. The nano-TiO2 does not
change because it is a photocatalyst. Figure 1 illustrates the mechanism of photocatalytic
degradation of vehicle exhaust using nano-TiO2 [44,45].

NO + 2·OH → NO2 + H2O (7)

NO + ·O−
2 → NO−

3 (8)

NO2 + ·OH → HNO3 (9)

To expedite the development of eco-friendly roads, nano-TiO2 can be incorporated in
a precise manner into the cement slurry on the surface of pavements or auxiliary facilities,
thereby achieving a purifying effect on vehicle exhaust. The rough and multi-void structure
of the nano-TiO2 cement slurry creates a highly concentrated vehicle exhaust field, which
serves as an effective photocatalytic reaction site for nano-TiO2, as illustrated in Figure 2 [22].
There are two stages in the photocatalytic degradation of NOx in vehicle exhaust by nano-
TiO2 attached to the surface of cement slurry. The first is that NOx is directly attached to the
surface of nano-TiO2, where NOx is oxidatively degraded by the ·O2

− and -OH generated
on the surface of nano-TiO2 by UV light. The second is that, after the NOx adhered to the
surface of nano-TiO2 is photocatalytically degraded, due to the rough multi-void structure
of the cement slurry, the vehicle exhaust adsorbed on its surface gradually diffuses from
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the high-concentration region to the low-concentration region, i.e., the surface of nano-
TiO2, and is then photocatalytically degraded by the concentration gradient effect. The
coexistence of the two pathways greatly promotes the degradation efficiency of nano-TiO2
cement slurry on vehicle exhaust.
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3. Results and Discussions
3.1. Effect of Temperature

Throughout the test, we activated the middle six UV lamps. Figure 3 vividly illus-
trates the influence of temperature on the efficiency of NO2 photocatalytic degradation
by nano-TiO2 cement slurry. It can be observed that there was a maximum degradation
efficiency of ~34.5% in the fitting curve, when the temperature was ~28.8 ◦C. Within the
temperature range of 19.6–28.8 ◦C, the degradation efficiency increased as the temperature
rose. However, as the temperature exceeded 28.8 ◦C, the degradation efficiency began to
decline. The photocatalytic reaction is intricately linked to the diffusion and migration of
reactant molecules on the catalyst surface [46,47]. During the initial heating stage, NO2
molecules actively diffused and migrated on the surface of nano-TiO2 cement slurry as
the temperature rose, resulting in an increased degradation efficiency. However, when the
temperature exceeded the optimal reaction temperature, excessively active NO2 molecules
detached from the nano-TiO2 surface, subsequently leading to a reduction in the efficiency
of NO2 photocatalytic degradation by nano-TiO2 cement slurry. Previous studies also
found that there is an optimal reaction temperature for photocatalytic reactions. Above this
temperature, the degradation efficiency no longer increases but gradually decreases [48,49].
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3.2. Effect of Relative Humidity

The relative humidity range in the test was 64.1–81.8%, due to the highest and lowest
monthly average relative humidity in the Changsha region being 82% and 64%, respectively.
As depicted in Figure 4, a total of 17 nano-TiO2 cement slurry samples were immersed in
water individually for 30 min. Subsequently, they were subjected to different drying times
using drying equipment to attain various levels of relative humidity. The specimens were
dried for durations of 0 h, 0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 7 h, 8 h, 9 h, 10 h, 13 h, 15 h, 18 h,
20 h, and 24 h, respectively.
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The impact of relative humidity on the efficiency of NO2 photocatalytic degradation
by nano-TiO2 cement slurry is shown in Figure 5. It is evident that the efficiency of
NO2 degradation decreased with an increase in relative humidity within the range of
64.1–81.8%. As H2O serves as a crucial reactant in the photocatalytic reaction, an increase
in its concentration should theoretically enhance photocatalytic efficiency [50]. In the
current experiment, we did not observe an upward trend within the range we investigated.
These results may be attributed to the following factors. During the test, humidity levels
ranged from 64.1% to 81.8%, potentially exceeding the optimal humidity for the reaction.
As a reactant in the photocatalytic reaction, excess H2O would compete with NO2 for
adsorption at specific catalyst active sites in the nano-TiO2. This inhibited the efficiency of
NO2 photocatalytic degradation by nano-TiO2 cement slurry [51,52].
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3.3. Effect of UV Radiation Flux

To precisely control the UV radiation flux applied to the nano-TiO2 cement slurry,
we exercised quantitative control by regulating the number of UV lamps activated in the
reaction chamber. These UV lamps were sequentially numbered from 1 to 14 and positioned
directly above the test specimens. The horizontal distance between the UV lamps on both
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sides and the edge of the specimen was maintained at 40 mm. In Figure 6, we present UV
lamp 1 as an illustrative example for the calculation model of UV radiation flux. The UV
lamp was activated and abstracted as a linear light source. A Cartesian coordinate system
was established, with the operating plane as the xoy plane. The two endpoints of the linear
light source were A0 and B0, with coordinates (x0 + l0, y0, h0) and (x0, y0, h0), respectively.
M (xm, y0, h0) was a moving point on line A0B0, and P (x, y, 0) was a point on the working
plane. The illumination of M to P was calculated using the irradiance calculation formula
(Equation (10)):

EMP =
I cos α

d2 (10)
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The other parameters in Equation (10) were given as follows:

I =
Φh0

4πL sin2( β
2 )

(11)

β = arctan(
340

132.5
)− arctan(

40
132.5

) (12)

cos α =
h0

d
(13)

d =
√
(x − xm)

2 + (y − ym)
2 + h2

0 (14)

where I represents the UV lamp radiation intensity (W/sr), Φ denotes the UV light flux (W),
β is the angle between the radiation light and the nearest and furthest edge of the specimen,
l0 is the length of the UV lamp (m), α is the angle formed between the UV lamp radiation
ray and its plumb line, h0 is the distance between the UV lamp and the specimen (m), and
d is the distance between any point on the UV lamp and any point on the specimen (m).
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The Equation (15) was used to determine the magnitude of UV radiation flux on the
surface of the nano-TiO2 cement slurry specimen:

E =
x Φh2

0

4πd3L sin2(β/2)
dxdy (15)

We incrementally activated two additional UV lamps at a time, starting from the
center and extending towards both sides. Subsequently, we used MATLAB software to
calculate the illuminance for various light configurations. Figure 7 illustrates how the
efficiency of NO2 photocatalytic degradation by nano-TiO2 cement slurry is impacted
by UV radiation flux. The efficiency of NO2 photocatalytic degradation by nano-TiO2
cement slurry increased as the UV radiation flux increased, ranging from 4.5 W/m2 (with
2 UV lamps turned on) to 23.8 W/m2 (with 10 UV lamps turned on). However, beyond a
certain threshold, the degradation efficiency showed a declining trend. Under laboratory
conditions, the optimal UV radiation flux was approximately 23.7 W/m2, resulting in a
degradation efficiency of around 35.6% as indicated by the fitting curve.

Catalysts 2024, 14, x FOR PEER REVIEW 8 of 20 
 

 

 


 
2
0

3 24 sin ( / 2)
h

E dxdy
d L

 (15)

We incrementally activated two additional UV lamps at a time, starting from the cen-
ter and extending towards both sides. Subsequently, we used MATLAB software to calcu-
late the illuminance for various light configurations. Figure 7 illustrates how the efficiency 
of NO2 photocatalytic degradation by nano-TiO2 cement slurry is impacted by UV radia-
tion flux. The efficiency of NO2 photocatalytic degradation by nano-TiO2 cement slurry 
increased as the UV radiation flux increased, ranging from 4.5 W/m2 (with 2 UV lamps 
turned on) to 23.8 W/m2 (with 10 UV lamps turned on). However, beyond a certain thresh-
old, the degradation efficiency showed a declining trend. Under laboratory conditions, 
the optimal UV radiation flux was approximately 23.7 W/m2, resulting in a degradation 
efficiency of around 35.6% as indicated by the fiĴing curve.  

As the number of activated UV lamps increased, the UV radiation flux directed at the 
nano-TiO2 cement slurry and the excitation energy also increased. Consequently, the elec-
tron–hole pairs generated by nano-TiO2 separated upon excitation, leading to improved 
photocatalytic degradation efficiency [50]. Previous studies have also shown similar ef-
fects of UV radiation flux on the degradation rate of NOx [53,54]. However, this increase 
in UV radiation flux resulted in a higher temperature of the reaction chamber and a de-
crease in humidity. When 10 UV lamps were activated, the temperature within the reac-
tion chamber reached 31.2 °C, exceeding the optimal reaction temperature 28.8 °C. Addi-
tionally, the humidity level dropped to 59%, potentially falling below the required relative 
humidity. This could have diminished the generation of highly oxidative hydroxyl radi-
cals. Thus, the efficiency of NO2 photocatalytic degradation by nano-TiO2 cement slurry 
decreased with an increase in UV radiation flux. 

 
Figure 7. NO2 degradation efficiency versus UV radiation flux. 

3.4. Effect of Thickness of Cement Slurry 
The thickness of the cement slurry specimens was measured individually using a 

vernier caliper with an index value of 0.02 mm. Each specimen was measured at four spe-
cific points, located at the midpoints of its four sides. The average of these measurements 
was considered as the specimen’s thickness value. To determine the actual thickness of 

Figure 7. NO2 degradation efficiency versus UV radiation flux.

As the number of activated UV lamps increased, the UV radiation flux directed at
the nano-TiO2 cement slurry and the excitation energy also increased. Consequently, the
electron–hole pairs generated by nano-TiO2 separated upon excitation, leading to improved
photocatalytic degradation efficiency [50]. Previous studies have also shown similar effects
of UV radiation flux on the degradation rate of NOx [53,54]. However, this increase in UV
radiation flux resulted in a higher temperature of the reaction chamber and a decrease in
humidity. When 10 UV lamps were activated, the temperature within the reaction chamber
reached 31.2 ◦C, exceeding the optimal reaction temperature 28.8 ◦C. Additionally, the
humidity level dropped to 59%, potentially falling below the required relative humidity.
This could have diminished the generation of highly oxidative hydroxyl radicals. Thus, the
efficiency of NO2 photocatalytic degradation by nano-TiO2 cement slurry decreased with
an increase in UV radiation flux.

3.4. Effect of Thickness of Cement Slurry

The thickness of the cement slurry specimens was measured individually using a
vernier caliper with an index value of 0.02 mm. Each specimen was measured at four
specific points, located at the midpoints of its four sides. The average of these measurements
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was considered as the specimen’s thickness value. To determine the actual thickness of
the nano-TiO2 cement slurry applied to the specimen’s surface, we used a blank specimen
without cement paste and measured its thickness. The difference between the thickness
of the uncoated specimen and the measured thickness of the coated specimen provided
the actual thickness of the nano-TiO2 cement slurry layer applied. During the test, the
six middle UV lamps were activated.

As shown in Figure 8, at different thicknesses of nano-TiO2 cement slurry (1.00 mm,
3.72 mm, 4.02 mm, 6.10 mm, and 8.80 mm), the photocatalytic degradation efficiency of
NO2 by nano-TiO2 cement slurry was 42.5 ± 0.6%, 40.0 ± 0.7%, 40.5 ± 2.0%, 40.7 ± 0.8%,
and 39.9 ± 0.2%, respectively. The impact of nano-TiO2 cement slurry thickness had little
effect on NO2 degradation efficiency. The photocatalytic process of nano-TiO2 cement
slurry mainly occurs at the gas–solid interface [22]. Increasing the thickness of the cement
slurry could increase the total amount of nano-TiO2. But the limited surface voids of the
cement slurry resulted in a limited number of nano-TiO2 that could come into direct contact
with the NO2. And most of the nano-TiO2 was covered by the cement at the bottom of the
surface layer and could not undergo the photocatalytic degradation reaction, as shown in
Figure 2. Consequently, increasing the thickness of the nano-TiO2 cement slurry does not
seem to be a cost-effective method for improving degradation efficiency.
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3.5. Effect of Amount of Dust Adhering to the Surface

The coverage index (c) was utilized to quantify the impact of dust on the efficiency
of NO2 photocatalytic degradation by nano-TiO2 cement slurry. It was calculated using
Equation (18):

c =
m
s
× 100% (16)

where m represents the amount of dust attached to the surface of the specimen (g), and s
denotes the actual area of the specimen (m2).

An appropriate quantity of loess was crushed into fine dust and then sieved through
an aperture of 0.0075 mm2. Subsequently, 5.71 g, 11.43 g, 22.86 g, 34.29 g, and 45.71 g of
dust were precisely weighed using an electronic balance. The measured amounts of dust
were then mixed with tap water in a mass ratio of 4:3 and thoroughly stirred. As shown in
Figure 9, the dust slurry was uniformly applied to the surfaces of specimens B, C, D, E, and
F, while specimen A remained blank.
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As shown in Figure 10, the efficiency of NO2 photocatalytic degradation by nano-
TiO2 cement slurry decreased as the coverage index increased, indicating a significant
negative correlation between the two. Specifically, the degradation efficiency declined
from 60.1 ± 1.8% to 40.9 ± 0.4% at a coverage index of 6.3. When the coverage index
reached 50.8, the degradation efficiency plummeted to only 5.1 ± 0.2%, making its degrada-
tion capability nearly ineffective. This highlights the gas–solid nature of the photocatalytic
degradation of nano-TiO2, which mainly takes place on the surface of the nano-TiO2 ce-
ment slurry and is significantly affected by the direct interaction between nano-TiO2 and
NO2, as depicted in Figure 2 [22]. The presence of dust on the specimen’s surface ob-
structed the available surface voids and hindered direct contact between nano-TiO2 and
NO2. Consequently, it significantly adversely impacted the efficiency of NO2 photocatalytic
degradation by nano-TiO2 cement slurry.
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3.6. Effect of Number of Water Rinsing Cycles

The maximum annual average rainfall in Changsha is approximately 1800 mL. We
conducted tests by rinsing the specimen using a nozzle connected to a tap water pipe.
When the water reached 1800 mL within 5 min, the valve on the water pipe was closed,
and this was recorded as one rinsing cycle. Figure 11 illustrates the effect of the number
of water rinsing cycles on the efficiency of NO2 photocatalytic degradation by nano-TiO2
cement slurry. Overall, the degradation efficiency decreased as the number of rinsing
cycles increased. Specifically, the degradation efficiency decreased from 73.7 ± 0.7% to
54.1 ± 0.8% after two rinsing cycles (10 min). When the water rinsing cycles reached
10 (50 min), the degradation efficiency was further reduced to 49.9 ± 0.4%. This occurred
because some of the nano-TiO2 was washed off the surface during the rinsing process,
resulting in a decrease in degradation efficiency. In a study of the literature [55], it was
found that an abrasion resistance test of nano-TiO2 cement slurry also indicated a decrease
in NOx removal rate due to abrasion, similar to the result of water rinsing.

Catalysts 2024, 14, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 11. NO2 degradation efficiency versus water rinsing cycles. 

4. Experimental Details 
4.1. Materials and Instruments 

In all tests, a commercially available nano-TiO2 powder (titanium-type, average par-
ticle size = 10 nm) was used as the photocatalyst. Nano-TiO2 cement slurry samples were 
prepared by mixing and stirring nano-TiO2, silicate cement (425#), sodium tripolyphos-
phate (ACS 99%), and tap water. Table 1 summarizes the primary instruments and their 
associated parameters. 

Table 1. Test instruments. 

Item Photograph Object Range Precision 

FGA-4100 auto exhaust 
gas analyzer 

 

NO 0–5000 ppm 1 ppm 

HD-P900 nitrogen di-
oxide detector 

 

NO2 0–500 ppm 0.01 ppm 

Saipwell HG040-45W 
air heater 

 

temperature −45–80 °C 0.1 °C  

Figure 11. NO2 degradation efficiency versus water rinsing cycles.

It is also worth noting that the efficiency of NO2 photocatalytic degradation by nano-
TiO2 cement slurry recovered to 63.9% after three rinsing cycles (15 min). Initially, during
the rinsing process, some nano-TiO2 in the specimen was encapsulated by the cement
slurry and unable to effectively participate in photocatalysis. As the rinsing progressed, the
nano-TiO2 concealed by the cement slurry gradually became exposed. With three rinsing
cycles (15 min), the efficiency of NO2 photocatalytic degradation by nano-TiO2 cement
slurry gradually improved. This observation emphasizes the importance of choosing panels
with excellent adhesion to nano-TiO2 cement slurry for practical engineering applications.

4. Experimental Details
4.1. Materials and Instruments

In all tests, a commercially available nano-TiO2 powder (titanium-type, average parti-
cle size = 10 nm) was used as the photocatalyst. Nano-TiO2 cement slurry samples were
prepared by mixing and stirring nano-TiO2, silicate cement (425#), sodium tripolyphos-
phate (ACS 99%), and tap water. Table 1 summarizes the primary instruments and their
associated parameters.
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Table 1. Test instruments.

Item Photograph Object Range Precision

FGA-4100 auto exhaust gas analyzer
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4.2. Fabrication of Nano-TiO2 Cement Slurry

The mass proportion used for mixing the nano-TiO2 cement slurry sample was
1:0.5:0.08:0.0024 (cement:water:nano-TiO2:dispersant). Figure 12 illustrates the fabrica-
tion process of a nano-TiO2 cement slurry sample [33]. First, a 3% sodium tripolyphosphate
solution was prepared by dissolving it in tap water to serve as the dispersant solution.
Next, the measured amount of nano-TiO2 powder was added to the dispersant solution
and stirred using a glass rod. The resulting mixture was then placed in an ultrasonic cleaner
with a water bath for 20 min to ensure a uniform dispersion of the TiO2 nanoparticles.
Subsequently, the measured amount of cement was added to the dispersed nano-TiO2
solution and stirred in the cement slurry mixer for 5 min. The well-stirred slurry was
applied to a panel with dimensions of 300 × 300 × 8 mm and cured under standard
conditions for 28 days.
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4.3. Degradation of Vehicle Exhaust Test

We independently developed a system for conducting vehicle exhaust degradation
tests, as depicted in Figure 13. A reaction chamber with dimensions of 500 × 500 × 400 mm
was constructed using 10 mm thick organic glass. To facilitate the photocatalytic degra-
dation of vehicle exhaust in the cement slurry, fourteen identical UV lamps were used as
energy sources for photocatalytic excitation. Each lamp had a spectrum, power, and length
of 365 nm, 15 W, and 30 cm, respectively. The UV lamps were securely mounted on a steel
frame, maintaining a distance of over 1 cm between the steel frame and the top plate of the
reaction chamber to minimize the impact of the heat generated by the UV lamps on the
temperature inside the chamber. To prevent the accumulation of exhaust fumes, a fan was
attached to a foam board holding the test sample.
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When conducting the experiment, the well-cured samples were initially placed in-
side the exhaust reaction chamber. Subsequently, pre-collected automotive exhaust was
introduced into the reaction chamber, and the UV light source was activated to initiate
the photocatalytic reaction. The total reaction time was 120 min, and data readings were
taken every 20 min. During the vehicle exhaust test, temperature and humidity levels
were controlled using an air heater and a temperature and humidity controller. Changes
in vehicle exhaust concentration were monitored using a vehicle exhaust analyzer and a
nitrogen dioxide detector connected to the reaction chamber.

4.4. Degradation Efficiency Evaluation Index

The effectiveness of the photocatalytic cement slurry in degrading vehicle exhaust
was assessed by measuring the reduction of vehicle exhaust concentration in the reaction
chamber. The degradation efficiency for NOx, denoted as ω0, was used as the evaluation
index and calculated using Equation (17) [38–40]:

ω0 =
(C0 − C1)

C0
× 100% (17)

where C0 and C1 are the concentrations of NOx at the beginning and end of the reaction,
respectively (ppm).

During the test, it was observed that some of the NO reacted with oxygen to produce
NO2, and a portion of the NO2 in the vehicle exhaust test system was adsorbed onto the
cement slurry surface. Consequently, we conducted a calibration test to determine the
natural degradation efficiency of vehicle exhaust. Pure cement slurry without nano-TiO2
was exposed to various initial concentrations of NO2, and then the middle six UV lamps
were turned on. Figure 14 illustrates the impact of initial concentrations on the removal
ratio of NO2. When the initial concentration of NO2 in vehicle exhaust was 660 ppm or less,
there was a positive correlation between its initial concentration and the removal ratio, with
a correlation coefficient of 0.999. However, when the initial concentration of NO2 exceeded
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660 ppm, the removal ratio of NO2 did not increase and remained constant at 54.78%. The
rough, multi-void structure of cement slurry allows its surface to absorb some of the NO2
gas. As the NO2 concentration increased, more NO2 was adsorbed, but the total amount
of NO2 adsorbed by the cement slurry remained constant. When the surface adsorption
site was fully occupied, the removal ratio of NO2 was not increased, but maintained at a
stable level.
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Considering the variation in NO2 concentration within the reaction space of the vehicle
exhaust test system, the calibrated degradation efficiency ω1 (Equation (18)) was used as
the evaluation index for assessing the efficiency of NO2 photocatalytic degradation by
nano-TiO2 cement slurry in the following evaluations:

ω1 =
a × (1 − b)− c

a × (1 − b)
× 100% (18)

where a is the initial concentration of NO2 (ppm) and b is the natural removal ratio of NO2
concentration (ppm). If the initial concentration of NO2 is more than 660 ppm, b = 54.78%;
otherwise, b = 0.083 × a; c is the concentration of NO2 remaining after the reaction (ppm).

5. Field Application of Nano-TiO2 Cement Slurry

Nano-TiO2 cement slurry is used to degrade harmful components, such as NO2 in
vehicle exhaust. Most current assessments of the performance of nano-TiO2 cement slurry
photocatalytic materials in degrading vehicle exhaust use on-site instruments to measure
changes in nitrogen oxide concentration [56]. However, the concentration of NO2 in the
field is influenced by natural environmental factors such as temperature, humidity, and
wind speed. As a result, the test results may not accurately reflect the photocatalytic
effectiveness of nano-TiO2 materials. In this section, we introduce an evaluation method
based on photocatalytic products to assess the performance of nano-TiO2 cement slurry in
the degradation of vehicle exhaust.
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5.1. Field Application of Nano-TiO2 Cement Slurry

Test specimens (dimensions: 300 × 300 × 8 mm) coated with nano-TiO2 cement slurry
were prepared following the processing method presented in Figure 12. The cured test
pieces were placed near the exit of an expressway toll station in Changsha for 8 days.
Weather statistics for the period are presented in Table 2, and an on-site photo is shown in
Figure 15. After 8 days, the test pieces were retrieved and rinsed with tap water using a
sprayer, and the water used for rinsing was collected in a measuring cylinder. The concen-
tration of NO3

− in the rinsing solution was determined using UV spectrophotometry [57].

Table 2. Weather statistics.

Test Days Weather Temperature (◦C) Relative Humidity (%)

Day 1 sunny to cloudy 3–15 63
Day 2 cloudy 6–10 70
Day 3 sunny to cloudy 5–12 64
Day 4 cloudy 5–13 59
Day 5 cloudy 8–12 54
Day 6 sunny 4–15 66
Day 7 sunny 6–15 52
Day 8 sunny to cloudy 6–17 47
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5.2. Determination of Optimal Rinsing Water Consumption

Prior to the test, it was necessary to determine the amount of water needed to rinse
the specimen. Insufficient water would result in NO3

− residues on the specimen’s surface,
hindering complete removal. Conversely, excessive water consumption would lead to a
low concentration of NO3

− in the rinsing solution. The vehicle exhaust test system was set
up to simulate the field environment. After 120 min, the test pieces were removed, washed
with tap water, and the rinsing solution was collected. The concentration of NO3

− was
determined using UV spectrophotometry. The relationship between NO3

− concentration
and rinsing water consumption is shown in Figure 16. It was observed that, when the water
consumption for rinsing the test panel was 25 mL, the NO3

− concentration in the resulting
rinsing solution reached its peak at 6.48 mg/L.
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5.3. Evaluation of the Performance of Nano-TiO2 Cement Slurry for Field Application

The specimens placed in the field were retrieved and rinsed by spraying them with
tap water. A measuring cylinder was used to collect the rinsing solution, and the rinsing
was stopped when the collected solution reached 25 mL. The average concentration of
NO3

− in the rinsing solution was 10.85 mg/L as determined by UV spectrophotometry.
The NO3

− content in the rinsing solution was 0.27125 mg, calculated by multiplying the
concentration of NO3

− by the volume of the collected 25 mL rinsing water. It was further
calculated that the amount of NO2 degraded in vehicle exhaust by the nano-TiO2 sample
was 0.20125 mg. By dividing the panel placement time and area, the NO2 photocatalytic
degradation efficiency by the nano-TiO2 specimen was approximately 0.28 mg/m2/day.

6. Conclusions

The aim of this study was to examine the impact of various environmental factors on
the efficiency of NO2 photocatalytic degradation by nano-TiO2 cement slurry, and to assess
its practical applicability. The nano-TiO2 cement slurry was prepared using the ultrasonic
dispersion method. Subsequently, a vehicle exhaust test system was established, and a new
index for evaluating degradation efficiency was determined to investigate the experimental
variables. Finally, the effectiveness of using nano-TiO2 cement slurry for the photocatalytic
degradation of vehicle exhaust was assessed at an expressway toll station. Based on the
results, the following conclusions can be drawn:

(1) The efficiency of NO2 photocatalytic degradation by nano-TiO2 cement slurry was
significantly affected by temperature and UV illumination. There was an optimal
temperature (28.8 ◦C in this test) at which the degradation efficiency was maxi-
mized. As the temperature increased, the degradation efficiency initially increased
and then declined.

(2) Excessive water molecules and dust on the cement surface will compete with NO2 for
adsorption on nano-TiO2, thereby occupying specific active sites of the catalyst. Con-
sequently, an increase in relative humidity (falling within the range of 64.1% to 81.8%)
results in a reduced degradation efficiency of nano-TiO2 cement slurry for NO2.
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(3) The thickness of the nano-TiO2 cement slurry had only a minor impact on the effi-
ciency of NO2 photocatalytic degradation by nano-TiO2 cement slurry. The photocat-
alytic properties of the samples were significantly diminished by surface dust and
rain erosion.

(4) The evaluation method based on photocatalytic products for assessing the photo-
catalytic performance of nano-TiO2 cement slurry in degrading vehicle exhaust is
less affected by natural environmental factors. Field application has shown that the
nano-TiO2 cement paste exhibits good performance in the photocatalytic degradation
of vehicle exhaust. The efficiency of NO2 photocatalytic degradation by nano-TiO2
cement slurry was approximately 0.28 mg/m2/day.

In field applications, the current cost of laying nano-TiO2 cement slurry is relatively
high. However, with the advancement of nano-TiO2 preparation technology and market
development, the cost is expected to be significantly reduced. At the same time, the bonding
of nano-TiO2 cement slurry to road accessory materials is an important factor affecting
the large-scale application of nano-TiO2 cement slurry. How to make nano-TiO2 cement
slurry effectively bonded with road accessory materials is an important research direction
for the future.
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