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H I G H L I G H T S   A B S T R A C T  
• The effectiveness of the oxidation of carbon 

dioxide gas emitted by an internal 
combustion engine was studied.  

• The CO conversion positively depends on 
Cu loading, light intensity, and relative 
humidity.  

• The best photo-oxidation efficiency of 
56.4% was achieved after three hours of 
operation. 

 Road transportation in urban areas may be considered a major source of 
environmental pollution. The purpose of this study is to determine the 
effectiveness of the oxidation of carbon dioxide gas emitted by an internal 
combustion engine. This is achieved using an asphaltic pavement coated with 
Cu/TiO2 nanoparticles by spraying and irradiating with white light under ambient 
conditions to reduce the air pollution problem (carbon monoxide) caused by 
vehicles. Using electron microscopy, energy dispersive spectroscopy, and 
Fourier transform infrared spectroscopy, we determined the physicochemical and 
morphological characteristics of the photocatalyst. Following the characterization 
study, the photo-catalytic activity of the asphalt materials was determined. 
Experimental results showed that CO conversion positively depends on different 
conditions, including Cu loading, light intensity, and relative humidity. However, 
the gas flow rate showed a different trend. The optimal operating parameters 
were determined as follows: Cu loading (3.6% by weight), a flow rate of gas (1 
L/min), relative humidity (30%), and light intensity (35 W/m2) to ensure the best 
photo-oxidation efficiency of 56.4% after three hours of operation. A 
mathematical correlation related to CO2 removal as a function of different 
operating conditions was found with a correlation factor of 0.975 and a variance 
equal to 0.964. Moreover, a kinetic pathway for photo-oxidation of CO at various 
oxygen concentrations was presented. 
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1. Introduction 
Today, the emission of carbon monoxide discharged into the atmosphere due to fuel combustion is one of the most 

significant emissions concerns in the world. In general, the transport sector has a negative effect on air quality. It can 
considerably raise the risk of respiratory illness [1]. Consequently, it is advisable to keep these contaminants to a minimum. 
The advanced oxidation process of carbon monoxide by photoreaction, which depends on semiconductor materials, can be 
another method of removing carbon monoxide. The advantage of this technique is that it can be successful in ambient 
conditions and can be simultaneously used for different gaseous pollutants such as volatile organic compounds, which is very 
convenient at the same time [2]. The share of energy-consuming sectors in pollutant emissions in 2009 is listed in Table 1 [3]. 
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Table 1: Sharing of energy-consuming activities in pollutant emissions in 2009 [3] 

Portion gas N2O CH4 CO2 SPM CO SO3 SO2 NOx 
Homes tic, Commercial, and 
public 

4.5 8 25.7 2.9 0.6 7.8 6.5 6.7 

Industry 2.7 4.2 15.8 4.6 0.4 30.2 20.5 9.0 
Transportation 48.0 87.7 24.9 78.1 96.9 38.9 32.4 49.6 
Agro commercial 40.2 1.6 2.5 8.0 0.3 2.6 4.4 39 
Refinery 0.4 0.7 3.2 ----- ----- ----- ----- ----- 
Powerhouse 4.2 6.6 27.9 6.3 1.8 20.4 36.3 30.7 
Total 100 100 100 100 100 100 100 100 

 
Table 1 shows that traffic shares a higher portion of the air pollution due to gaseous CO. TiO2 is a semiconductor that is 

often studied in photo-catalytic techniques [4, 5] because it has excellent properties like a strong ability to oxidize, a low price, 
and is non-toxic and chemically inert. The photocatalysis techniques use TiO2 and the UV spectrum. The band energies of 
TiO2 are close to 3.21 eV. Pure TiO2 absorbs the UV spectrum and initiates photo-degradation Hence, the delphinium band 
energy of 3.2 eV must be overcome. For example, a lot of work has been done to move TiO2 catalysis into the visible region by 
lowering the band energy level. This allows solar light to be used for photolysis. Because of this, one of the most interesting 
things to study is how to change materials to change the band-gap Most of the time, the photocatalytic properties of TiO2 are 
changed by coating it with metal oxide and depositing it on the surface. This is done to make use of the visible light 
wavelength [7]. Called "defect engineering," the modification process can create a range of modifications in TiO2 particles, 
thus imparting new properties such as a reduced band gap and visible-light-induced photo-catalytic activities. In the present 
work, this technique was used by depositing CuO with a narrow band energy level (1.4–2.3 eV) on the surface of TiO2, which 
has a band-gap energy of 3.21 eV for wavelengths of 386 nm, to obtain Cu-doped TiO2, which has a band-gap energy of 2.27 
eV for wavelengths of 546 nm. This decrease in band-gap energy shifts wavelengths from the ultraviolet to the visible region. 
Cu loading increases with the changes in band-gap energy and wavelength and TiO2-conjugated Cu shows more stability with 
higher photo-catalytic activity in visible light (λ > 400 nm) [8]. This process involves no expense as it occurs at room 
temperature under atmospheric pressure. It is relatively green compared to other methodologies, which makes this modification 
method highly efficient, practical, and economical [5].   

The enhancement in photocatalytic performance is derived from the increase in specific surface area, providing more 
reaction sites and increasing the conversion between Cu²⁺ and Cu⁺, increasing the separation rate of photogenerated pairs with 
the lowest recombination rate [9, 10]. So, TiO2 with a metal framework is vital and active in various photoreactions [11]. 

There are some studies on the photocatalytic activity of CO oxidation in the literature [12]. Li et al. [13] studied the 
oxidation of CO on Pt/TiO2 irradiated by UV light. Selishchev et al. [14] studied the effects of Pd/TiO2 catalysts that 
completely oxidized CO to CO2 at room temperature with UV-LED irradiation. Tosun et al. determined the effectiveness of 
photo-catalytic asphalt material, enhanced by solar rays, by applying nano-sized titanium dioxide (TiO2) under suitable heat 
treatment to reduce CO-carbon monoxide with a removal efficiency of 69.02% [15]. Under UV light, Kolobov and coworkers 
found that Pd/TiO2 presented a 3-fold CO oxidation rate under UV light compared with darkness (10 ppm/min) [16]. Various 
published data on experimental CO conversion by photocatalysis using doped semiconductors can be summarised in Table 2. 
The utilization of simulated solar light for the photo-catalytic oxidation of organic pollutants onto Cu/TiO2 is explained in a 
few works of literature [9, 17]. 

Table 2: Photocatalysis Researches on CO oxidation 

Catalyst Irradiation Temp.(oC) %CO Conversion Ref. 
Pd/ TiO2 UV 25 100 (0.33 h)20 [14] 
Pt/ TiO2 UV 20 100 (0.5 h) [18] 
Au/ TiO2 Visible 20-21 38.5 [19] 
RuO2/ TiO2 /Pt UV 20 100 (1 hr) [20] 
ZIF-8/Au/ TiO2 Solar(visible) 20 42.5 [21] 
Au/ TiO2 @CuO Solar(visible) 20 70 [22] 
Au/Al2O3 Solar(visible) 20 25.1 [23] 
TiO2 -supported Pt/Co-B   (UV) +thermal 50-100 90-100 [24] 
Au/ TiO2 Solar(visible) +thermal 50 100 [25] 
Pd/N– TiO2 Solar(visible) +thermal 20− 100  100 [26] 
Pt/CeO2- TiO2  (UV)+thermal 60− 200 90 [27] 
Zn doped OMS-2 Solar(visible) +thermal 50− 230 87.5 [28] 
Fe3Si/Co3O4  Solar(visible) +thermal 160 > 95 % [29] 

 
The goal of this work was to see if CO from an internal combustion engine could be oxidized by spreading Cu-doped TiO2 

nanoparticles on asphalt pavement and exposing them to simulated solar light. Different parameters such as Cu loading, gas 
flow rate, light intensity, and relative humidity were investigated for their effect on the process efficiency. Moreover, the 
probable kinetic pathway of photooxidation of CO was introduced. 
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2. Materials and Methods 

2.1 Materials 
The Civil Engineering Department at the University of Technology provided the Marshall Specimens (MS), which were 

100 mm in diameter and 55mm in height. The nano-TiO2 (anatase phase; purity 98.0% min; average particle size of 25nm) was 
provided by Hongwa International Group Ltd., China. from BDH-Analar, copper sulphate (CuSO4) was purchased in England. 
Thomas Bake India supplied an ammonium hydroxide solution (25 wt%). Ethanol (reagent grade) was purchased from Sigma 
Aldrich, India, and distilled water from Al-Mansour Company, Iraq. 

2.2 Methods 

2.2.1 Synthesising Cu-doped TiO2 
By making several weight percentages of Cu-doped TiO2 (1, 3.5, and 5 wt% Cu), the effect of Cu on photocatalyst activity 

was examined. To create 0.55 M of CuSO4 solution, 65 g of CuSO4 and 3.5 wt% Cu-doped TiO2 were dissolved in an aqueous 
(NH4OH) solution (10 wt%). Three hours were spent stirring the prepared mixture at 500 rpm. Five grams of nano-TiO2 were 
added during mixing. Then, for 30 minutes, with a 3-minute break in between every 5 minutes of the ultrasonication process, 
the mixture was subjected to an ultrasound generator (Model WUC-D06H, Ultrasonic Cleaner Set). The mixture was then 
filtered using two 5-micron filters. To remove the organic components, the residue is first rinsed three times with distilled 
water and then twice with alcohol. The sediment was dried for two hours at 110°C. After being characterized by SEM and 
EDX, the dried powder was kept in a sealed container and used in the experimental course. 

2.2.2 Coating Method 
A certain quantity of TiO2 in the water was put in a can and sonicated for 5 minutes. As seen in Figure 1, the solution was 

sprayed on the surface of the Marshall Specimen (MS). 

  
Figure 1: Marshal Specimen (MS) coating 

2.2.3 Analysis techniques 
Surface features were characterized with an INSPECT S50 (SEM) at an accelerating voltage of 350 V–40 kV; probe 

current: up to 4 μA, constantly alterable; enlargement: 20 to 106 x. Moreover, the (EDS) INSPECT S50/FEI model was 
utilized.  

2.2.4 Experimental setup 
Figure 2 illustrates a drawing of the experimental components, while Figure 3.a shows an image of the experimental setup, 

including a reactor (No. 7). The reactor is composed of a transparent Plexiglas chamber with dimensions of 0.4 m x 0.4 m x 0.4 
m, as shown in the drawing. There is a xenon bulb (No. 10) (HID lamp, input power of 35 watts, and outlet flux of 4000 
lumens) inside the reaction chamber. A flow meter (No. 4) (Cologno Monzese, type Cilea 36, flow rate up to 3 L/min). The 
relative humidity was changed using a humidifier (No. 6) and measured by a humidity meter, model YEM-20L, from 
Shenzhen Yowexa Sensor System, Ltd. An internal combustion engine (No. 1) was used to produce combustion gases loaded 
into the reaction chamber. A combustion gas analyzer (No. 8) (Model HFP-0401(BX) from Xi'an Huafan Instrument Co., Ltd.) 
was used to analyze both the gas exiting from the combustion engine outlet and the reaction chamber outlet. The xenon lamp 
irradiated the asphalt specimens. CO degradation tests were conducted to evaluate the photocatalytic activity. The gases go 
along the chamber, where the sprayed MSs by the semiconductor emulsion (Cu-doped TiO2) reside and are irradiated by the 
xenon lamp Figure 3.b The gas composition is detected at the system's exit, and the photocatalytic efficacy can be calculated. 
The physical parameters such as humidity, temperature, light irradiation (wavelength and power), gas flow rate, and gas 
concentration can be controlled. 
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Figure 2: The setup for the experiment. 1- Internal combustion engine 2- Valve. 3- Flow meter.4- Humidifier.  

                     5- Xenon lamp. 6-Reaction chamber. 7- Marshal Specimens.8- Temperature sensor. 9- Relative humidity 
                        sensor. 10- Gas analyzer 
 

 
(a) 

 
(b) 

Figure 3: (a)Images of the experimental setup, (b) photocatalytic reactor 

3. Results and Discussion 

3.1 Catalyst Identification 

3.1.1 EDS analysis 
 EDS can be utilized to determine the elements in a sample [30–31]. The Cu-doped TiO2 catalysts were distinguished by 

their surface morphology Figure 4. The x-axis of the EDS image displays the ionization energy, and the y-axis displays the 
count. The more the count increases, the more this element exists in this area of observance. The existence of Cu metal over 
TiO2 is emphasized by comparing TiO2 that is uncoated (Figure 5a) with TiO2 coated with 3.6 wt% Cu (Figure 5b). Figure (4a) 
displays a percentage of TiO2 and O2 of 62.5 and 37.5 weight percent, respectively, while Figure (4b) displays a percentage of 
TiO2, O2, and Cu of 47.5, 49, and 3.6 weight percent, respectively. 

3.1.2 SEM analysis  
Scanning electron microscopy (SEM) is widely used in science to characterize the surface roughness of materials [30]. The 

precise particle size will be quickly determined via SEM track. SEM photographs of 3.5% wt. Cu-doped TiO2 are shown in 
Figure 5 a (SEM Mag. 0.6 kx), and SEM photographs of Cu-free TiO2 are shown in Figure 5 b (SEM Mag. 0.6 kx). On the 
TiO2 board, the Cu powder was practically evenly distributed. 
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(a) 

 
(b) 

Figure 4: EDS snapshots of (a) Cu-free TiO2 and (b) 3.6wt% Cu-doped TiO2 

 
(a) 

 
(b) 

Figure 5: SEM snapshots of (a) Cu-free TiO2 and (b) 3.6wt% Cu-doped TiO2 
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3.1.3 The FTIR Analysis 
The FTIR spectrum comparison of pure TiO2 (Figure 6a) and Cu-TiO2 (Figure 6b) nanoparticles is shown in Figure 6. As 

can be seen, the peaks in the pure TiO2 sample at 3430 cm-1 and 1822 cm-1 are caused by the stretching and bending 
vibrations of the OH group caused by water molecules. At 3450 cm-1 and 1730 cm-1, the Cu-TiO2 sample exhibits the same 
broad bands. For the Cu-TiO2 sample, the absorption band of this peak occurred around 680 cm-1, confirming the presence of 
stretching vibrations of the Ti-O bond in the pure TiO2 sample's peak around 760 cm-1 [32]. Moreover, the broad absorption 
band in the range of 1100–1400 cm-1 for the Cu-TiO2 sample is connected to the Cu-O vibrations. These findings 
demonstrated the emergence of Cu-TiO2. Also, the pure TiO2 sample has a greater band number for the OH group than the Cu-
TiO2 sample does, according to the FTIR plot. 

 
(a) 

 
(b) 

Figure 6: The FTIR spectrum of (a) pure TiO2 and (b) 3.6wt% Cu-doped TiO2 

3.2 The Effect of Operating Parameters on CO Oxidation 

3.2.1 The effect of Cu loading on TiO2 contact angle 
It is well-known that the degree of wettability of TiO2 nanoparticles enhances the surface photocatalytic activity [33]. In 

the present work, the effect of Cu loading on the hydrophilicity of TiO2 nanoparticles was studied. The contact angle meter 
model (CAM 110-Taiwan) was utilized to measure the water contact angle (WCA); a 5 μL DI water drop was dripped on the 
catalyst particle. Figure 7 (a, b, c, and d) represents the computer images of contact angles obtained for water sprayed on 
various copper-loaded specimens. Generally, the literature indicates that if the water contact angle is smaller than 90°, the solid 
surface is considered hydrophilic. If the water contact angle is greater than 90°, the solid surface is hydrophobic [34]. Table 3 
revealed that catalysts of different Cu loadings (0, 1, 3.6, and 5 wt.%) have contact angles of 14.00, 24.02, 49.05, and 58.24 
degrees, respectively, indicating that the Cu loading over the specimen surface does not affect the hydrophilicity that helps 
remove solid pollutants that adhere to surfaces by washing. 
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Figure 7: Images of contact angles for (a) Cu-free TiO2; (b) 1wt% Cu-TiO2; (c) 3.6 wt. % Cu-TiO2; (d) 5 wt. % Cu-TiO2 

 

Table 3: Effect of Cu loading on catalyst´s contact angle 

Item wt. % Cu loading Water contact angle (degree) 
1 0 14.00 
2 1 24.02 
3 3.6 49.05 
4 5 58.24 

3.2.2 Effect of operating time  
Figure 8 plots the variation of CO concentrations versus the operational time at QG = 1 L/min, hv = 35 W/m2, and relative 

humidity = 30% both in the presence and absence of the photocatalyst (i.e., 3.6 wt. % Cu-doped TiO2). Notably, the Japanese 
standard [35] states that each Marshall sample must be inspected under UV light for a total of 5 hours, including roughly 30 
minutes, to guarantee equilibrium concentrations. In the present work, the equilibrium condition is attained after the internal 
combustion engine has been running for roughly 1.1 hours and before the xenon lamp in the reaction chamber is turned on. 
Moreover, after three hours of operation, the system established a steady state in the presence or absence of the photocatalyst. 
Within three hours of illumination in the presence of the photocatalyst, the CO concentration begins to decrease from 700 to 
300 ppm. The system effectiveness was calculated by measuring the concentrations of CO after 3 hours and at equilibrium 
when the light was just switched on, according to Equation 1 [36]. 

   CO reduction efficiency = 𝐶𝐶𝐶𝐶 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 3 ℎ
𝐶𝐶𝐶𝐶 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑟𝑟 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒

 𝑥𝑥 100%  (1) 

In the plot, the carbon monoxide oxidation efficacy of the present work was 56.4% and 24.30% in the presence and 
absence of the photocatalyst, respectively. This reasonable efficiency affirms the practicality of the operating setup at ambient 
conditions for CO oxidation.  
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Figure 8: Variation of CO concentrations versus the operational time at QG = 1 L/min, 

                                            hv= 35 (W/m2), relative humidity = 30%, and Cu loading = 3.6wt. % 

3.2.3 The effect of gas flow rate 
Figure 9 depicts the effect of gas flow rate on CO degradation at time = 3 h, weight percent Cu = 3.6%, and hv = 35 

W/m2. The figure shows an inverse link between CO degradation and gas flow rate. The removal of CO decreased from 56.4 
to 38.8% when the gas flow rate increased from 1 to 3 L/min. This pattern can be explained by the fact that the reaction rate 
depends on how long the pollutant has been present in the solar reactor [37]. The CO removal within a specific volume of test 
gas increases proportionally to its residence time over a photocatalytic surface. The more time that is afforded for pollutants to 
be absorbed, the more oxidation occurs at the active sites of TiO2. Our results are in line with the body of published research, 
which demonstrates a distinct inverse relationship between gaseous pollution removal and gas flow rate [38–39]. However, on-
field CO removal can vary greatly depending on the wind speed and direction, which change over time. This implies that the 
outcomes of the current lab study should be implemented on-site. 

 
Figure 9: Variation of CO removal percentage against gas flow rate 

3.2.4 Effect of air humidity 
The influence of relative humidity (%RH) on the removal efficiency (%R) of CO is shown in Figure 10. CO breaks down 

more quickly when the relative humidity goes from 0 to 30%. However, raising the %RH above 30% has an inverse influence 
on the %R of CO. As the %RH changed from 0, 10, 30, 50, and 80%, the %R of CO was 6.8, 35, 56.4, 41, and 32.4%. This 
trend can be elucidated by the effect of concrete pavement, including TiO2, on the %R of CO occurring when OH radicals 
oxidize CO. These OH radicals are formed when an (e- and h+) pair oxidizes a hydroxyl ion (OH-) in an H2O molecule on the 
TiO2 surface [33]. This would imply that when the TiO2 surface is not moistened, the CO rate is nearly negligible (7%). On the 
other hand, as %RH has increased, approaching (RH = 10%) in the photoreactor, the %R of CO has increased to 35% because 
more *OH radicals are generated. As more water vapor was introduced, the formation rate increased until a maximum removal 
of CO (56.4%) was reached with RH = 30%. An opposite behavior of CO removal was noticed after %RH started to rise more. 
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This indicates that increasing %RH over the optimum rate would cause water molecules to gradually aggregate on the TiO2 
surface, increasing the mass transfer resistance of CO to the TiO2 active sites on the surface. [40] It is proposed that water 
molecules on the TiO2 block photocatalyst active sites. 

 
Figure 10: Effect of relative humidity on CO degradation for TiO2-CU 

3.2.5 Effect of light intensity 
Figure 11 plots the influence of lamp flux on the %R of CO. Figure shows that increasing the lamp intensity from 35, 50, 

and 70 W/m2 increased the %R of CO by 56.4, 58.5, and 59.5%, respectively. This trend emerges due to the effect of lamp 
flux on the generation of (e- - h+) pairs on the surface of TiO2. As more (e- - h+) pairs were formed, a corresponding number 
of (*OH) radicals for CO oxidation were also formed. This behavior was reported by [38]. In addition, a linear correlation 
between light fluxes and the %R of CO was demonstrated below the partition point (i.e., 50 W/m2, 58.5%). 

In contrast, a non-linear correlation is above this point [41–42]. This is because, in the linear correlation, (e- - h+) pairs are 
filled by reactions with species on the TiO2 surface (e.g., OH-) faster than by rejoining with excited electrons; on the other 
hand, in the non-linear correlation, holes are filled by recombination at a faster rate than by reactions with other species. This 
behavior was also found by Jacoby et al. [41]. However, in Figure 12, increasing lamp flux from 35 to 50 W/m2 results in a 
percentage CO degradation of 3.5%, whereas a 1.6% increase in CO degradation is obtained when lamp flux increases from 50 
to 70 W/m2. This behavior was also revealed by [43], who reported a noticeable enhancement in CO oxidation rate with lamp 
flux from 10 to 25 W/m2. When the lamp flux was increased from 25 to 40 W/m2, CO oxidation was not as significant as in 
the first case. 

 
Figure 11: Variation of % CO degradation against Xenon lamp flux for TiO2-CU 

3.2.6 Effect of Cu-doping 
The influence of Cu loading on the %R of CO is plotted in Figure 12. It is seen in the figure that as wt. % Cu is raised from 

0, 1, 3.5, and 5 wt. %, the % R of CO is boosted from 10, 25, 56.4, and 56.6%, correspondingly. This trend may be due to the 
impact of wt. % Cu on the bandgap energy of TiO2, which is reduced as the wt. % Cu is boosted [44]. Shnian et al. [9] found 
experimentally that the light energy required to generate (e- - h+) pairs on TiO2 is proportional to its bandgap energy. As 
mentioned earlier, CuO shows a low bandgap (i.e., 1.4 eV). Thus, when CuO is joined with TiO2, the system shows boosted 
activity and increased (*OH) radical formation. This explains the enhancement of the Cu-doped TiO2 activity for boosting the 
removal of CO. Furthermore, it was observed that boosting Cu from 3.5 to 5% results in no noticeable impact on the %R of 
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CO. It may be deduced that an optimum ratio of Cu/TiO2 is required to offer the best photocatalytic activity. The present 
results agree well with the published data of [45], who prepared Pt/TiO2 for the oxidation of CO irradiated by a UV lamp. 

 
Figure 12: Effect of Cu loading (wt. %) on CO removal 

3.3 Kinetic Pathway 
For the Cu/TiO2 catalyst, light irradiation has a high impact linked with the generation of hole-electron (h+-e-) paies.  

 Cu/TiO2 + hv              Cu/TiO2 + h+ + e-  (2) 

This reaction depicts the photocatalysis operation stimulated by light flux. The e- and h+ pairs can oxidize the substrate 
molecules over the Cu/TiO2 surface. At low oxygen concentrations, the CO oxidation with humidity, the h+ holes can react 
with H2O molecules to generate hydroxyl radicals (*OH), which offer high oxidation power and react with CO-producing 
carboxyl groups. Their degradation generates CO2 and H2. 

 H2O + h+               *OH + H+  (3) 

 2H+ + 2e-                 H2  (4) 

 *OH + CO              COOH  (5) 

 2COOH                  2CO2 + H2  (6) 

From (Equation 4), it is worth noting that high numbers of *OH radicals result in higher CO oxidation. Another example is 
the (e- - h+) pair generation mechanism over Cu/TiO2. The bandgap of TiO2 is 3.2 eV, permitting the electron to be conveyed 
from the valence energy level to the conduction energy level under UV radiation. The UV spectrum participates in about 5% of 
the total light spectrum [46]. This implies that the reaction rate (Equations 1) is low. 

Furthermore, it is well-known that the photon energy required to enhance the formation of electron-hole pairs on a 
semiconductor is a function of its bandgap energy. As shown in section 3.2.3, the presence of Cu supports the utilization of the 
white light spectrum. On the other hand, intermediates (e.g., carbonate, CO3

2-) may be formed when the oxygen concentration 
increases. 

 O2 + e-                      O2*-    (7) 

 CO2*- + O*-                      CO32-  (8)  

 CO2 + 2O2-  + 2O2                 CO32- +   2O*-  (9) 

Carbon dioxide is formed when the carbonate ion, CO3
2-, reacts with a hole (O*-) and then with an electron. 

 CO32- + O*-                         CO3*-   + O2-   (10) 

 CO3*-   + e-               CO2 + O2-  (11)  
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3.4 Mathematical Correlation 
CO degradation at each average seasonal temperature results from several parameters, namely: catalyst concentration (C 

Cu-TiO2), percent Cu loading (%𝐶𝐶𝐶𝐶), light intensity (ℎ𝑣𝑣), gas flow rate (QG), and relative humidity (%𝑅𝑅𝑅𝑅). The regression 
analysis method using STAISTICA version 6.2 software were utilized to fit the experimental data for the photocatalytic 
reactor. The proposed model gives the following equation with a correlation factor of (0.9745) and variance equal to (0.9642). 
Figure 13 plots the experimental results vs. observed values of the empirical correlation.  

 
Figure 13: Observed values vs. predicted values for CO degradation (R %) in the photocatalytic reactor system 

Then the regression Equation 12 in uncoded units becomes: 

COX = 63.38 - 0.396 TIO2 + 43.22 %CU - 2.665 HV - 5.98 QG - 0.4300 % RH + 0.00742 
TIO2*TIO2 - 5.521 %CU*%CU + 0.03341 HV*HV - 0.0222 TIO2*%CU + 0.0041 %CU*HV  (12) 

4. Conclusion 
The present work was devoted to investigating experimentally the oxidation of gaseous CO emitted from an internal 

combustion engine using asphaltic pavement coated with Cu/TiO2 nanoparticles irradiated by white light at ambient 
conditions. Cu doped Nano TiO2 was used as the photocatalyst with narrow bandgap energy of 2.27 eV, which falls into the 
visible spectrum of wavelengths. This improved the photocatalytic activity and increased the (*OH) hydroxyl radical formation 
with active sites. Pollutants (CO) are adsorbed onto the catalyst surface, oxidized, and turned into final products (CO2). The 
photocatalytic removal of CO in the exhaust gases was investigated under different experimental conditions. The 
comprehensive analysis of the removal of CO emissions yielded sufficient success in this study. Experimental results show that 
CO conversion is dependent positively on Cu loading, light intensity, and relative humidity. However, the gas flow rate 
showed a different trend. The optimum operating parameters were copper loading (3.6 wt. %), gas flow rate (1 L/min), relative 
humidity (30%), and light intensity of (35 W/m2) to ensure a photocatalytic oxidation efficiency of 56.4% after 3 hours of the 
process. The probable kinetic pathway of photo-oxidation of CO by *OH radicals were introduced for both high and low 
concentrations of oxygen in the ambient.  
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