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Abstract 16 

This work presents a new approach and a comprehensive mechanism to study the kinetics of 17 

the photodegradation of the organic pollutants. The vital role of various operational factors on 18 

the degradation of the organic pollutants is explained using this method. The proposed 19 

approach is based on the simple strategies and a powerful computational method. Two new 20 

variables “the effective concentration of photon” (Ieff) and “the effective concentration of the 21 

reactive-centers” (RC) are defined to better understanding the effect of operational parameters 22 

on the organic pollutants photodegradation. The optimum conditions of the photocatalytic 23 

degradation can be determined with the help of this method. This approach was used to study 24 

the kinetics of photodegradation of the organic pollutants on the A − doped MxOy/B 25 

photocatalysts. The provided mechanism has been examined with the some experimental data. 26 

The high correlations between the experimental data and the fitting results under different 27 

conditions prove this mechanism could be reliable. 28 

 29 

Keywords: Photodegradation; Organic pollutants; Comprehensive mechanism; Reactive- 30 

centers; Effective charge carriers; Hybrid manual-automatic method. 31 
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1. Introduction 33 

Water is one of the essential needs of all life-supporting processes (Westall &Brack 2018). One 34 

of the most important challenges of today's society is providing safe drinking water for all 35 

people (Khalifa &Bidaisee 2018, Reina et al. 2015). The water sources are at severe risk of 36 

pollution due to the growth of the various pollutant activities such as industrial waste effluents, 37 

agricultural runoff, pharmaceuticals disposal, urban sewage draining, and landfill seepage (Hu 38 

et al. 2013, Malakootian et al. 2019). Some authors have believed that textile industry 39 

wastewater is the most polluting among the various industrial fields (Liang et al. 2014, Verma 40 

et al. 2012). Waste effluents of the textile industry usually contain a high concentration of 41 

pigments, dyes, and toxic materials (Lau &Ismail 2009). It has been reported that synthetic 42 

dyes are among the major pollutants of water because of their toxic and carcinogenic 43 

characteristics (Lai et al. 2014).  44 

The results of various researches show that advanced oxidation processes (AOPs) are 45 

suitable techniques for removing toxic materials (Ghatak 2014, Navarro et al. 2017, Samadi et 46 

al. 2017, Stets et al. 2018, Zhou et al. 2019). This technique is based on the in situ production 47 

of strong oxidizing intermediates such as superoxide radical anions (O2•−), hydroxyl radicals 48 (OH•), hydrogen peroxide (H2O2), and singlet oxygen (1O2). AOPs include the different types 49 

of processes such as the chemical (Fe2+/H2O2, O3 /H2O2), the photochemical (UV/H2O2, 50 

UV/O3, UV/Fe2+/H2O2, UV/TiO2), the son-chemical (UV/H2O2, UV/O3) and the 51 

electrochemical technologies (Al-Kdasi et al. 2004, Vagı &Petsas 2017). 52 

Heterogeneous photocatalysis is an advanced technology to deal with environmental 53 

pollution (Al-Rasheed 2005, Ibhadon &Fitzpatrick 2013, Liu et al. 2014, Simon et al. 2020). It 54 

can be defined as ‘the acceleration of a chemical reaction by using a photocatalyst under light's 55 

irradiation with adequate energy.’ In recent years, many semiconductor metal oxides such as 56 

TiO2 (Gupta et al. 2012), ZnO (Chakrabarti &Dutta 2004), Fe2O3 (Hitam &Jalil 2020), NiO 57 
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(Sabouri et al. 2018), CdS (Khan et al. 2016), and WO3 (Yao et al. 2017) have been 58 

widely studied for the decomposition of the organic contaminants under visible light and UV 59 

irradiation. Titanium dioxide and zinc oxide have received much attention in the field of 60 

pollutants photodegradation research. These photocatalysts are non-toxic, low-cost, highly 61 

efficient, and environmentally friendly (Xia et al. 2016).  62 

In general, a photocatalytic process involves the following steps: (1) photon absorption 63 

with energy equal to or greater than the bandgap of the semiconductor, (2) the electron transfer 64 

from the valence band (VB) to the conduction band (CB) for the producing electron-hole pairs, 65 

(3) the trapping of the charge carriers on the effective reactive-centers during light illumination, 66 

and (4) the degradation of toxic compounds by the powerful oxidizing agents: 67 A − doped MxOy/B + hν → e− + h+ (1) e− + h+ + The effective reactive − centers → The powerful oxidizing agents  

 

(2) The powerful oxidizing agents + Pollutant → Intermediates  (3) 

Although the kinetics of photocatalytic reactions have been extensively investigated, more 68 

work is needed to gain the sufficient knowledge about the mechanism of these reactions. Many 69 

researchers have investigated the mechanism of photocatalytic reactions based on experiment 70 

results, identification of the reactive oxygen species, and studying the behavior of the reaction 71 

intermediates (Berberidou et al. 2016, Dror et al. 2020, El Mragui et al. 2019, Kaur &Sud 72 

2012). 73 

To the best of our knowledge, some articles have discussed the mechanism of the 74 

photocatalytic reactions, and they have proposed the general mechanisms or the possible 75 

pathways for photocatalytic reactions (Huang et al. 2020, Turkten &Cinar 2017, Wang et al. 76 

2018). Some articles have studied the kinetics of the photocatalytic process based on a proposed 77 

mechanism (Emeline et al. 2000, Minero et al. 2013, Montoya et al. 2014). Unfortunately, the 78 

detailed mechanism at the atomic scale has been introduced for a limited number of 79 
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photocatalysts (Nosaka &Nosaka 2017). However, only few articles describe the 80 

photodegradation mechanism involving the elementary steps of the reaction and their rate 81 

constant values (Bashiri et al. 2014, Bashiri &Pourbeiram 2016, Shams Ghamsari &Bashiri 82 

2020). 83 

In this paper, a new approach was proposed to study the kinetics and mechanism of the 84 

degradation of the organic pollutants by the various photocatalysts under UV-Vis light 85 

illumination. Without the use of common kinetic approximations, this approach helped us to 86 

gain a better understanding of the various steps of photocatalytic processes, such as the 87 

electron-hole generation step. The surface of semiconductors is a crucial factor for many 88 

applications such as pollutants photodegradation, solar cells, and microelectronic systems. A 89 

detailed understanding of their surface structure is essential for developing the mechanism of 90 

the pollutants photodegradation. 91 

Our approach assumes the photodegradation of organic compounds occurs due to the 92 

effective charge carriers and the formation of the effective reactive-centers on the A − 93 doped MxOy/B surface. Therefore, the two variables named the effective concentration of 94 

photon (Ieff) and effective concentration of the reactive-centers (RC) are defined for a better 95 

understanding the effect of operational parameters on pollutants photodegradation. Because a 96 

small number of the reactive-centers and the charge carriers lead to the degradation of organic 97 

pollutant. Interestingly, these variables reach the maximum or minimum when the system is in 98 

optimal condition. 99 

The A − doped MxOy/B general formula was proposed to demonstrate the flexibility of 100 

our method. The MxOy is a semiconductor, such as TiO2 and ZnO, which can interact with 101 

water species, oxygen molecules, and other materials to form the various reactive-centers. A is 102 

a metallic or non-metallic element that can increase the photocatalytic activity of the MxOy 103 

photocatalyst.  104 
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The interaction of water species and the pollutant molecules with the A − doped MxOy/B 105 

surface is an critical step in the degradation mechanism (Thiel &Madey 1987, Vittadini et al. 106 

2007). The adsorbed water species on the surface of photocatalysts are oxidized by the valence 107 

band holes to produce the hydroxyl radicals (Muhd Julkapli et al. 2014). These processes leads 108 

to the production of the reactive-centers for the degradation of organic pollutant molecules. 109 

The B component can be a compound such as graphic carbon nitride, reduced graphene 110 

oxide, ozone, montmorillonite, another photocatalyst, or even a mixture of them. The 111 

interaction of B component with some species in the system, such as oxygen molecules and 112 

water species, leads to the formation of the other reactive-centers. The coupling these materials 113 

with a photocatalyst can be a suitable method to achieve enhanced photocatalytic activity. 114 

In the present investigation, MATLAB software was used as a computational tool to solve the 115 

differential rate equations by a deterministic method. Four sets of experimental data from some 116 

literature were used to examine this approach. These systems are listed in Table 1. The vital 117 

role of various operational parameters in the photodegradation of pollutants was easily 118 

explained using this approach. The values of rate constants for elementary reactions and the 119 

effective concentrations of the reactive-centers were obtained by combining manual and 120 

automated methods. The conformity between the experimental data and fitting results was 121 

examined under different operating conditions. 122 

The production of the electron-hole pairs, dye adsorption on the photocatalyst surface, the 123 

trapping of the charge carriers to produce the reactive radicals, and the recombination of the 124 

charge carriers have the key effects on the photodegradation of the organic pollutants. In this 125 

study, a proposed approach has been used to theoretically investigate the effects of these factors 126 

on the degradation process of the organic pollutants without using the common kinetics 127 

approximations. Therefore, a non-approximation approach is proposed to study the kinetics 128 

and mechanism of the photocatalytic reactions. Obviously, a complex kinetics equation can be 129 
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obtained using the proposed mechanism and the kinetics approximations such as the steady- 130 

state approximation. This complex kinetics equation can be reduced to a Langmuir- 131 

Hinshelwood equation by considering more approximations. It is not possible to solve this 132 

equation analytically by standard methods. However, a concise mechanism and multiple 133 

approximations must be used to derive a simple kinetics equation such as the first-order 134 

equation. 135 

The real mechanism of the photodegradation of organic pollutants involves several steps, 136 

and their nature is not fully understood. These kind of processes depend on various 137 

experimental conditions including the type of reactants, the solution pH, the concentration of 138 

reactants, and the photocatalyst surface structure. A suitable method for studying the 139 

mechanism of the photocatalytic reactions is to estimate the rate constants and to investigate 140 

the effect of different factors on their values. A detailed understanding of the photodegradation 141 

process of the organic pollutants by photocatalysis helps us to properly design a photocatalytic 142 

experiment. However, this approach provides more information about the generation process 143 

of the electron-hole pairs. On the one hand, the importance of our work is that it proposes the 144 

rate constants of a photocatalytic process without any approximation. The different samples 145 

can be compared in a photocatalytic system by using the rate constants of this step and the 146 

effective variables. In addition, a useful comparison between the rate constants of the first step 147 

and the rate constants of the other steps is provided by a proposed variable named as “the 148 

effective concentration of photons”. 149 

 150 

2. Methods: the estimation of the rate constants and the effective variables 151 

The mechanism of a chemical reaction consists of a series of elementary chemical reactions. 152 

Usually, the rate constants and initial concentration of the sites are identified using the 153 
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parameters estimation procedures. Mathematical methods for studying the kinetics and 154 

mechanisms of chemical reactions can be stochastic or deterministic. 155 

The stochastic method regards the time evolution of the chemical reaction as a random- 156 

walk process that is described by a differential equation (the chemical master equation) (Bashiri 157 

&Mohamadi 2016, Bashiri &Pourbeiram 2016, Rafiee &Bashiri 2019, 2020b, a, Shams 158 

Ghamsari &Bashiri 2020). The deterministic method regards time evolution of the chemical 159 

system as a continuous process that can be governed by a series of coupled ordinary differential 160 

equations (ODEs). In our work, the deterministic method was used to solve a series of rate 161 

equations that describe the photocatalytic process. The fitting data of the organic pollutants 162 

concentration versus time are obtained by integration of the ODEs. For the implementation of 163 

the deterministic method, the numerical techniques can be used to solve the differential rate 164 

equations. The results of various researches showed that the performance of stochastic and 165 

deterministic methods strongly depends on the studied system (Lerkkasemsan 2010, Safieddine 166 

et al. 2012, Zheng &Ross 1991). 167 

We used MATLAB code framework based on the following parts: (1) experimental data, 168 

initial concentrations, and initial guesses of rate constants are the inputs, (2) the rate equations 169 

of the elementary steps are written, (3) odes15s solver is used (4) the commands for the drawing 170 

curves are used, (5) the codes related to the minimization are applied. 171 

MATLAB software uses various solvers such as ode23, ode45, ode15s, ode23s, and 172 

ode113 to solve the ODEs. Ordinary differential equations can be classified as stiff and non- 173 

stiff. Shampine et al. (Shampine &Reichelt 1997) believed that this classification plays a 174 

crucial role in selecting the solvers. Stiffness is an essential and efficient concept in the 175 

numerical integration of the ODEs. It is generally accepted that a differential equation is stiff 176 

if the explicit numerical methods do not provide the appropriate solutions to the given equation. 177 

The stiffness phenomenon depends on the initial conditions, the ordinary differential equations, 178 
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and the numerical algorithm. Some algorithms are defined for non-stiff equations and some 179 

others for stiff equations. 180 

MATLAB documentation suggests the ode45 is the best solver for solving problems in the 181 

first step. Many problems have been solved by the ode45 solver, which is based on a Runge- 182 

Kutta method (Forsythe 1977). The next suggestion is that the ode15s solver can be used if the 183 

ode45 fails or is extremely slow. In this work, the integration of the ODEs was performed by 184 

using the ode15s solver from MATLAB version, R2015b. The ode15s is a variable-order and 185 

multi-step solver that is used to solve stiff differential equations. The ode15s algorithm is based 186 

on the implementing of the backward differences of a set of numerical differentiation formulas 187 

(NDFs) (Shampine &Reichelt 1997). 188 

Several numerical methods such as Euler, Runge–Kutta, Adams–Bashforth, and Adams– 189 

Moulton are used for solving the system of differential equations. These methods are divided 190 

into two categories single-step and multi-step methods. The Backward difference formula 191 

(BDF) is a general method for solving stiff differential equations. The BDFs are a set of  192 

implicit methods for the numerically solving of the differential equations. A system of 193 

differential equations can be written as follows: 194 𝐹(𝑡. 𝑥(𝑡). 𝑥′(𝑡)) = 0; 𝑥(𝑡0) = 𝑥0 (4) 

The simplest BDF method is the Backward Euler method, which involves replacing the x 195 

derivative by a backward difference: 196 𝐹 (𝑡n, 𝑥n, 𝑥n − 𝑥n−1ℎ ) = 0;  ℎ = 𝑡n − 𝑡n−1 
(5) 

Where h is the step size. MATLAB implements an ode15s solver based on the BDF method. 197 

Therefore, MATLAB solves the ODEs using the ode15s algorithm in this work. Then, the 198 

results were compared with experimental data. If there was no good fit, the input values were 199 

readjusted to obtain a coefficient of determination close to 1. 200 
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Generally, the rate constants for each step and the effective variables are the adjustable 201 

parameters obtained through the fitting process in the MATLAB environment. In this study, 202 

two methods of parameter estimation are employed to examine the final mechanism: the hybrid 203 

manual-automatic method and the optimization technique. The first method is the estimation 204 

of parameters in two steps: (1) the rate constants and initial concentrations of the reactive- 205 

centers are manually adjusted to obtain a coefficient of determination close to 1; (2) the 206 

minimization function of the ‘𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ’ is used to optimize the rate constants. In the 207 

second method, the rate constants are estimated in one step using the ‘𝑓𝑚𝑖𝑛𝑐𝑜𝑛’ minimization 208 

function. The 𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ function minimizes an unconstrained multivariable function by 209 

using the Nelder– Mead simplex method. This method is a direct algorithm, which is used to 210 

minimize the nonlinear functions. The ‘𝑓𝑚𝑖𝑛𝑐𝑜𝑛’ function is an iterative method that starts 211 

from an initial point and converges to a constrained local minimum. In our simulations, the 212 

‘𝑓𝑚𝑖𝑛𝑐𝑜𝑛’ function implements the 'interior-point' algorithm at each iteration using second- 213 

order gradient methods. The interior-point algorithm solves a sequence of unconstrained 214 

minimization problems to approach the constrained optimization. 215 

In this work, the sum of squared errors (SSE) between the fitted and experimental data is 216 

used as an objective function of the optimization process. 217 Objective function = SSE = ∑(𝑥pred(𝑖) − 𝑥exp(𝑖))2 
(6) 

Where, the variables xpred and xexp are the predicted and experimental data of x, respectively. In 218 

each run, the program calculates the coefficient of determination (R-square) using the mean- 219 

square error for easy comparison of the results. The coefficient of determination of the 220 

collection of the (t, C) points can be defined as: 221 

𝑅2 = 1 − (SSESST) 
(7) 

Where, SST is the total sum of squares (variance), which is obtained as follows: 222 

https://en.wikipedia.org/wiki/Total_sum_of_squares
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SST = ∑(𝑥exp(𝑖) − �̅�(𝑖))2 
(8) 

Where, �̅� is the mean of the experimental data. 223 

 224 

3. Results and Discussion 225 

3.1. Basics of the proposed approach 226 

The photodegradation process of the pollutant depends on several intrinsic and extrinsic 227 

factors. The photocatalyst properties such as surface area, crystallinity, morphology, and the 228 

doping of other elements into its lattice refer to the intrinsic factors (Friedmann et al. 2010). 229 

The other factors such as irradiation light source, the concentration of organic pollutants, 230 

catalyst loading, reaction temperature, pH value, and the presence of dissolved substances are 231 

related to extrinsic factors (Wan et al. 2014). 232 

The interaction of the catalyst with other substances in the solution under UV/vis light 233 

illumination leads us to define a set of the reactive-centers on the photocatalyst surface. The 234 

basic assumption of our approach is that photodegradation process is controlled by the 235 

effective reactive-centers on the surface of the photocatalyst. The formula of the reactive- 236 

centers is shown in Table 2. 237 

In addition, the proposed approach is based on several other strategies as follows: (1) 238 

effective concentration of photon and the effective concentration of the reactive-centers can be 239 

considered as an efficiency criterion of the photocatalytic process, (2) the trapping the 240 

photogenerated electrons and holes plays a vital role in the degradation of organic pollutants, 241 

(3) the adsorption of dissolved species on the catalyst surface is one of the crucial factors in 242 

the photocatalytic activity, (4) surface-adsorbed radicals (OH•(ads) and O2−•(ads)) are main 243 

reactive species formed in the photodegradation process, (5) the doping of the other elements 244 

into the photocatalyst lattices can significantly promote the destruction of the organic pollutants 245 

molecules, (6) the inactivation parameters in the photocatalytic system have a critical impact 246 

https://en.wikipedia.org/wiki/Total_sum_of_squares
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on the performance of the degradation reaction, (7) intermediates have a crucial effect on the 247 

rate of organic pollutants degradation due to the simultaneous reaction with reactive oxygen 248 

species formed in the solution. 249 

As shown in Figure 1, our approach to the photodegradation of organic pollutants involves 250 

the following steps: (1) a certain number of the reactive-centers are defined on the surface of 251 

the TiO2, (2) based on the proposed model, the reaction pathway is decomposed into a series 252 

of elementary reactions, (3) a suitable software with high computing power (MATLAB) is 253 

selected, (4) an initial value is suggested for each the rate constant, and the effective 254 

concentration of the reactive-centers, (5) the required codes were written in MATLAB 255 

environment to run the data fitting process, (6) the data fitting program was performed to 256 

examine the reaction mechanism, (7) the fitted and experimental data were compared by 257 

plotting the pollutant concentration versus time and computing the R2, (8) if the fitting is not 258 

right, the kinetics factors (elementary steps and the rate constants) or the effective 259 

concentration of reactive-centers will be changed, (9) the fitting process is terminated when the 260 

best fitting is obtained. In other words, an initial mechanism is constructed based on the 261 

proposed approach. The fitting codes are written in a MATLAB computing environment. 262 

The reliable fitting results are obtained by adjusting the rate constants of the elementary 263 

steps and the concentrations of the reactive-centers. If a good fit is not found, another 264 

mechanism should be proposed. The initial guess for the rate constants is generated using the 265 

literature's values (Bashiri et al. 2014) or our suggested values. 266 

However, it is impossible to propose a unique and comprehensive mechanism for 267 

photocatalytic reactions due to the various factors and their influence on the degradation 268 

process. Therefore, to obtain the best conformity between the experimental and the simulated 269 

data, it is necessary to examine the different mechanisms of pollutant degradation. 270 

  271 
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3.2. The mechanism of the pollutant photodegradation  272 

In general, three categories of mechanisms have been proposed for the degradation of organic 273 

pollutants by photocatalysts under UV-Vis light.  274 

In the first category of mechanisms, the hydroxyl radicals are the main oxidant of the 275 

pollutant’s degradation. Achieving this mechanism requires the production of powerful holes. 276 

These holes are produced by the action of the UV-light on the surface of a photocatalyst with 277 

the suitable bandgap. The systems of the TiO2/UV, Ni-doped ZnO/UV, and Fe-doped TiO2/UV 278 

are considered in this category. 279 

In the second category of mechanisms, the superoxide radicals are the main oxidant of the 280 

pollutant degradation. In these systems, there are not powerful photogenerated holes to oxidize 281 

the water species. The systems of the TiO2/Vis-light, N-TiO2/Vis-light, and N-TiO2/RGO/Vis- 282 

light are in the second category of the mechanisms. 283 

For non-doping TiO2 under visible light irradiation, it has been suggested (Liu et al. 2000) 284 

that an adsorbed pollutant molecule is excited to the singlet or triplet states; subsequently an 285 

electron is injected from the excited pollutant molecule to the TiO2 conduction band to produce 286 

a pollutant cationic radical (pollutant•+). This excited molecule undergoes the degradation 287 

process to produce the intermediates. The visible-light-induced electrons react with O2 288 

molecules and produce the superoxide radicals. This mechanism is also called the 289 

photosensitized oxidation mechanism. 290 

When N-doped TiO2 or N-doped TiO2/RGO are exposed by the visible light irradiation, 291 

the photogenerated electrons are transferred from the localized N levels in the TiO2 band gap 292 

(the mid-gap states) to the conduction band. These electrons in the conduction band are trapped 293 

by the O2 pre-adsorbed on the TiO2 surface or the RGO surface to produce the superoxide 294 

radicals. 295 
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The electron spin resonance (ESR) experiments using the spin-trap, 5,5- 296 

dimethylpyrroline-1-oxide (DMPO), showed (Rengifo-Herrera et al. 2009) the oxidative 297 

potential of the photoinduced holes associated with the mid-gap states have not high power to 298 

produce the hydroxyl radicals (2.38 V (SHE)). Some researchers ignore this argument and 299 

consider the reaction of water species to visible light-induced holes (Chen &Liu 2016). For the 300 

systems of the N-doped TiO2 and N-doped TiO2/RGO, the reaction of the visible-light-induced 301 

holes with water species was neglected in our method. However, the reaction of the holes with 302 

the adsorbed pollutant molecules on the photocatalyst surface is considered. 303 

In the third category of mechanisms, the free photogenerated holes are the main factor of 304 

degradation of organic pollutants. In some systems that follow the first type mechanism, adding 305 

new material to the photocatalyst structure may change the main oxidant. For example, the 306 

presence of the ozone in the Ag-doped ZnO/UV photocatalyst plays this role. 307 

The general proposed framework for the mechanism of the degradation process of the 308 

organic pollutants in (A − doped MxOy/B/UV − Vis) aqueous systems is shown in Table 3. 309 

In the present study, several mechanisms were examined, and among them, the final 310 

mechanism presented in Table 4 had the best agreement with the experimental data. Three 311 

general conclusions can be deduced from the final mechanism: (1) a general framework can be 312 

proposed for the degradation process of organic pollutant by the photocatalysts; (2) the rate 313 

constants of the elementary reactions in different systems have similar values; (3) the excellent 314 

conformity in the fitting process indicates that the proposed approach can be verified using the 315 

experimental data (Han et al. 2018, Mousavi et al. 2017, Peng et al. 2019, Tang et al. 2018) 316 

under different conditions. 317 

Two methods of the optimization and manual adjustment were implemented 318 

simultaneously for the TiO2/visible light/TC system to compare the correlation results (Figure 319 

2). The correlation analysis on the fitting results shows that there is not much difference 320 



15 

 

between the R2 values in the optimization and the manual adjustment methods. For this system, 321 

the elementary reaction steps and their rate constants are presented in Table 5. Perfect 322 

conformity between the adjusted and optimized values was found in this Table. This result 323 

shows that the MATLAB optimization method can be used well for simple systems. 324 

However, the fitting results show that manual adjustment of the parameters leads to 325 

reliable values than the optimization-based procedure for the complicated systems. The main 326 

reasons can be explained as follows: (1) the number of parameters estimated in each run is 327 

large, (2) many operational factors are considered for the selecting of an appropriate 328 

mechanism, (3) the detailed mechanism of photocatalytic reactions involves many elementary 329 

steps. For this reason, we proposed a hybrid manual-automatic method. 330 

 331 

3.2.1. The analysis of the curve of pollutant concentration versus time and the effect of the 332 

intermediates on the degradation process 333 

The analysis of the plot of the concentration versus time is slightly complicated. The shape of 334 

this curve qualitatively reflects the behavior of the photocatalytic system. In general, the curves 335 

of pollutant concentration versus time can be divided into three steps. In the first step, the ROSs 336 

mainly react with the organic pollutant molecules. The fitting investigations show that in the 337 

initial times, the curve of organic pollutant concentration versus time is mainly affected by the 338 

interaction between the pollutant and ROSs. In other words, regardless of the intermediates 339 

reaction with the OH• radicals, only the initial parts of the fitting curve have good conformity 340 

to the experimental points. The reaction of ROSs with the initial intermediates, which is 341 

produced in the photocatalytic process, is considered as the second step. The effect of other 342 

intermediates are taken into account in the third step.  343 

From this view, the two types of mechanisms can be defined: degradation mechanism 344 

without and with the reactions of intermediates. The first type is only suitable to describe the 345 
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concentration vs. time at the initial times. The other type shows more agreement between the 346 

experimental and the fitting results after passing the time. In other words, a set of  consecutive 347 

reactions occurs in which the produced intermediates are oxidized by the ROSs. The number 348 

of these reactions in the real system is large, but one or two reactions can be appropriate to 349 

obtain a good agreement. The rate constant of these consecutive reactions depend on the 350 

conditions of the studied system. After passing the time, the interaction between the 351 

intermediates of the degradation of organic pollutants and ROSs is also influential. 352 

However, the steps of the hybrid manual-automatic adjusting of the system parameters and 353 

the concentrations of reactive centers can be explained as follows: (1) Based on the 354 

experimental results, the percentage of the ROSs participation in the pollutant degradation is 355 

approximately adjusted. The fitting process starts without considering the intermediates 356 

reactions. The values of the effective variables should be adjusted, and the fitting results should 357 

be as close as possible to the first experimental data. (2) the reaction of the first intermediate 358 

with the ROSs is considered, and the program is executed. The rate constant of this step is 359 

adjusted to obtain good conformity between the model predictions and the other experimental 360 

points. (3) the reactions of one or more intermediates with the ROSs are considered to obtain 361 

the excellent fitting results. (4) finally, the values of the rate constants are optimized by using 362 

the 𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ function. 363 

The fitting results show the first intermediate competes significantly with the organic 364 

pollutant molecule to consume the hydroxyl radicals. These reactions are symbolically 365 

represented in the fifth part of the general mechanism. The rate constant of the consecutive 366 

steps is a function of the operational parameters and varies from 106 to 109 in the different 367 

conditions. The following reason can be used to explain this behavior. The ROSs reaction with 368 

pollutants may lead to the production of two types of intermediates. Since each of the 369 
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intermediates tends to react with the ROSs, the rate constant for these reactions varies slightly 370 

for the samples under study. 371 

In this paper, four systems have been considered to examine the comprehensive 372 

mechanism of the degradation of the organic pollutant on the surface of the photocatalysts 373 

under different conditions. Figures 3 and 4 represent the fitting results for the studied samples. 374 

Figure 3 shows the trend of changes in the effective concentration of photon and the effective 375 

concentration of reactive-centers based on the proposed approach. In an overview,  Figures 3 376 

and 4  show that there are significant correlations between degradation efficiencies and the 377 

different parameters. In this paper, The effect of some operational parameters on the 378 

degradation efficiency will be discussed using these figures. 379 

 380 

3.2.2. The production step of the photogenerated charge carriers 381 

The first part of the proposed framework is the production of the charge carriers. Similar to 382 

other photocatalytic reactions (Galindo et al. 2000, Rauf et al. 2011), the proposed mechanism 383 

is initiated by photoexcitation of the photocatalyst or the pollutant under the UV-Vis light 384 

illumination. This step is very fast with a timescale in the order of 10-14 s (Dou et al. 2004, 385 

Friedmann et al. 2010). Nevertheless, our results showed the rate constant for the 386 

photoexcitation by the UV-light is in the order of 10-3 M-1.min-1, while the rate constant of the 387 

photoexcitation by visible light is in the order of 10-1 M-1.min-1. One reason for this difference 388 

may be that UV beams are more powerful than visible light. However, it seems that there is a 389 

mismatch between the timescale of charge carriers generation and the relatively low efficiency 390 

of photocatalytic reactions (Qian et al. 2019). This conclusion is an interesting result, because 391 

the fitting results show a significant difference between the physical and chemical 392 

understanding of the electron-hole generation process. In other words, the pollutant 393 
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photodegradation can result from a balance between the processes of adsorption, 394 

recombination, trapping, and interfacial transfer of the charge carriers. 395 

As a result, the generation of effective electrons and holes is the first step in the proposed 396 

mechanism. For this reason, the rate constant of the production of the effective charge carriers 397 

may be reduced. Based on these arguments, the proposed approach assumes that a significant 398 

fraction of the incident light beams is scattered into the reaction vessel and does not lead to the 399 

generation of electrons and holes. Therefore, a minor fraction of the photogenerated carriers 400 

leads to degradation of the organic pollutant due to performance-limiting factors such as the 401 

recombination process and the photoreactor geometry. In other words, small number of 402 

electron-hole pairs generated by the intensity of the absorbed light contribute to the destruction 403 

of organic pollutant, and many of them are ineffective. This discussion proposes two variables, 404 

which are named as the effective concentration of photon ( Ieff), and the effective concentration 405 

of reactive-centers (RC). 406 

These variables depend on the system  operational parameters, such as the initial pollutant 407 

concentration, photocatalyst loading, light intensity, the solution pH, and the volume of the 408 

reaction vessel. The effective concentration of photon refers to the effect of the charge carriers 409 

in the pollutant degradation. Besides, the effective concentration of reactive-centers indicates 410 

the role of the photocatalyst and its interaction with the other dissolved species in the 411 

degradation process. In our approach, the effective reactive-centers refer to the sites that play 412 

a direct role in the destruction of the organic pollutant. The structure and effective 413 

concentration of the reactive-centers depend on the following factors: (1) the structure of the 414 

photocatalyst; (2) the pH of the solution; (3) the species dissolved in the solution. 415 

The pH of the solution is a critical parameter in the degradation of the pollutants under 416 

UV/visible irradiation. Because the medium pH determines the charges on the catalyst surface 417 

and the organic pollutant molecules. It is affected by various factors such as the charge values 418 
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on the semiconductor surface and organic pollutant molecules, ROSs concentration formed 419 

during the destruction process, and the aggregates' size. The influence of pH on the 420 

photocatalytic activity of the organic pollutant molecules has been investigated by several 421 

researchers (Alkaim et al. 2014, Kazeminezhad &Sadollahkhani 2016). Therefore, the structure 422 

of the reactive-centers depends on the solution's pH. In some cases, the degradation rate of the 423 

cationic organic pollutants in an acidic medium is greater than that of an alkaline solution (Devi 424 

et al. 2017). In the proposed method, this behavior is ascribed to the increase in the 425 

concentration of the hydroxyl groups originated from the interaction of the protons (or water 426 

molecules) with the surface oxygen sites. 427 

For the A − doped MxOy/B photocatalyst, the concentration of reactive-centers of 428 M − OH2+, M − ObridgeH − M, A − OH2+, and A − ObridgeH − A  increases in the acidic pH due 429 

to the availability of sufficient protons. Also, the concentration of the M − OH, M − O−, A − 430 OH, and A − O− reactive-center increases at alkaline conditions. In a neutral medium, the 431 

reactive-centers produced by the interaction between non-dissociated water molecules and the 432 MxOy surface are responsible for the degradation of the organic pollutant. It is worth noting 433 

that if A was not a metallic element, there is no effective interaction between this component 434 

and water species. The effective variables, especially Ieff, can be used to determine optimal 435 

operating conditions. During the fitting process, the rate constants, Ieff values, and the effective 436 

concentration of reactive-centers are adjusted simultaneously to obtain the best fitting between 437 

the experimental data and simulated results. Two significant results are obtained by 438 

the plotting of Ieff data against the values of operational parameters: (1) the optimum 439 

degradation conditions and (2) the effect of each parameter on the production process of the 440 

charge carriers. 441 

 442 

3.2.3. The adsorption of the pollutant on the photocatalyst surface 443 
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The second part of the proposed mechanism refers to the adsorption process. The adsorption 444 

of the pollutant on the catalyst surface is one of the important factors in photocatalysis (Li et 445 

al. 2016). Generally, the organic pollutant adsorption on the photocatalyst surface depends on 446 

two factors: the electrical charge of the surface and the electrical charge of the organic pollutant 447 

molecules. Therefore, the adsorption capacity of the photocatalyst is known to be pH- 448 

dependent (Grzechulska &Morawski 2002). In this work, the adsorption process refers to the 449 

adsorption of organic pollutant molecules on the catalyst surface during the photocatalytic 450 

reaction. 451 

As seen in Tables 4 and 5, the values of the rate constants for the adsorption step indicate 452 

the following comments. (1) The pollutant adsorption on the surface of the photocatalyst under 453 

visible light irradiation plays a more prominent role in the degradation process; (2) the amount 454 

of TC adsorbed on the N-TiO2/RGO surface was high in the dark (without light) due to the 455 

presence of the RGO; (3) the pre-adsorption of the pollutant on the TiO2 surface is an essential 456 

factor to initiate the photodegradation process under visible light; (4) based on the mechanism 457 

proposed in Table 5, TC adsorbed on the TiO2 surface can be an important factor for the transfer 458 

of electrons to the TiO2 conduction band (Li et al. 2014). These observations are in agreement 459 

with the experimental results. 460 

However, the fitting results indicate the critical role of the AOPs in the high degradation 461 

of the pollutants. The following possible reasons can be used to explain these results: (1) the 462 

powerful holes are produced in the photocatalyst/UV-light system that can rapidly oxidize the 463 

pollutants. Therefore, adsorption seems to be less important in these conditions. The 464 

experimental results show that only 3.51% of the CR concentration and 5.31% of the AO7 465 

concentration were decreased during the dark adsorption (Han et al. 2018, Peng et al. 2019). 466 

However, the nature of the dark adsorption is different from the adsorption process during 467 

the photocatalytic reaction. If organic pollutant  molecules were adsorbed on the photocatalyst 468 
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surface, they might be more easily oxidized by the valance band holes or ROSs (Hossain et al. 469 

2018). The adsorption step of organic pollutant on the TiO2 surface is one of the elementary 470 

reactions of photocatalytic degradation in the proposed mechanism. Here, it is assumed that 471 

the reactive-centers are the sites where the reaction can take place on the catalyst surface. The 472 

strategy considered for the adsorption process in the proposed approach can be described as 473 

follows: " the degradation of the adsorbed pollutant after light irradiation and then the 474 

adsorption of new molecules on the photocatalyst surface." 475 

The trend of changes in the concentration of the adsorption sites obtained from the fitting 476 

process can be observed in Figure 3. In agreement with the literature (Yoneyama &Torimoto 477 

2000, Yu et al. 2000), the fitting results indicate that increasing the number of adsorption sites 478 

improves the pollutant degradation on the photocatalyst surface. A relative correlation is 479 

observed between the degradation efficiency and the adsorption of the pollutant on the 480 

photocatalyst surface. The enhanced photocatalytic performance of the 3 wt.% Fe-doped TiO2 481 

(100 mg.L-1, pH=3), 3 wt.% Ni-doped ZnO, and N-doped TiO2/RGO  compared to the other 482 

samples could be ascribed to the adsorption ability increasing of these catalysts. In agreement 483 

with the experimental results, the effective concentration of adsorption sites in N-doped 484 

TiO2/RGO is increased in virtue of the presence of RGO. 485 

It was found (Sathishkumar et al. 2011) that the catalysts with the higher surface areas 486 

provide more reactive-centers, which could increase the organic pollutant adsorption and the 487 

incident UV-light on the TiO2 surface. Since more charge carriers will be generated when the 488 

catalyst surface interacts with more photons, the effective photon concentration is maximum 489 

in these samples (Figure 3). Therefore, the surface area increasing can lead to high 490 

photocatalytic activity and improved pollutant degradation efficiency. 491 

However, the fitting process indicates that the relatively small changes in the rate constant 492 

of the adsorption step have a significant effect on the fitting results. One 493 

https://link.springer.com/article/10.1007/s10853-017-1419-5
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possible reason for this behavior is the strong effect of the adsorption sites concentration on the 494 

photodegradation process. 495 

 496 

3.2.4. The effect of the modification of the photocatalyst on the degradation process 497 

The various studies clearly show the doping of semiconductors with non-metallic atoms, 498 

transition metals, and organic compounds play a vital role in their photocatalytic performance 499 

(Gomez-Ruiz et al. 2018, Haque et al. 2013, Kumar et al. 2016). These strategies are proposed 500 

to overcome the limitations of semiconductors, prevent the recombination of the electron-hole 501 

pairs, and improve the ROSs production process. By implementing the above strategies, the 502 

photocatalytic system provides several possible paths to achieve these goals.  503 

The fitting results show the modification of the TiO2 and ZnO by the different materials, 504 

such as the Fe, Ni, Ag, and RGO leads to the following beneficial effects in the photocatalyst: 505 

(1) higher surface area; (2) the more effective trapping of the carriers; (3) the narrowing of the 506 

bandgap; (4) the increasing the concentration of water species and oxygen molecules on the 507 

photocatalyst surface. These results are in agreement with the experimental findings. The 508 

incorporating the nickel into the zinc lattice produces more electron-hole pairs without altering 509 

the crystal structure of the ZnO (Gnanamozhi et al. 2020). 510 

The Fe and Ni dopant introduce the impurity states in the band gap of the TiO2 and ZnO. 511 

Also, silver acts as an acceptor material to alter ZnO band gap energy. The results of the X-ray 512 

spectroscopy (DRS) showed the band gap of the TiO2 is narrowed by the N-doping 513 

(Peighambardoust et al. 2018). Besides, the coupling of the TiO2 with RGO decreases the 514 

bandgap energy (Li et al. 2020). Therefore, the doping process in these semiconductors leads 515 

to a decrease in their bandgap energy. The narrowing of the bandgap increases the efficiency 516 

of these photocatalysts for using the visible part of the solar spectrum in pollutants degradation. 517 
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Chen et al. (Chen et al. 2015) observed that an appropriate amount of Fe3+ ions could act 518 

as the reactive-centers for trapping of the charge carriers on the TiO2 surface. Reddy et al. 519 

(Reddy et al. 2018) showed the doping of the Ni2+ ions into ZnO lattice improves the interfacial 520 

charge transfer by the red shift in Fermi level position. Wageh et al. (Wageh et al. 2018) showed 521 

the rate constant of 7% wt. Ag-doped ZnO for the photocatalytic degradation of methyl orange 522 

was 38 times more than pure ZnO. They attributed this Ag-doped ZnO behavior to 523 

enhanced  absorption in visible-light range and improved interfacial charge transfer. Beltrán et 524 

al. (Garrafa-Gálvez et al. 2019) found the photocatalytic performance of the TiO2/RGO 525 

nanocomposite under solar light irradiation was ∼5 times that of pure TiO2. The improvement 526 

of the photocatalytic activity of the TiO2/RGO was attributed to RGO role as a charges 527 

transporter and accepter. 528 

Therefore, the degradation rate increases by modifying the TiO2 and ZnO due to these 529 

important factors: (1) it leads to more effective separation of the hole-electron pairs, and (2) 530 

the synergistic effects between the new materials and semiconductors are seen. In other words, 531 

the dopants (Fe, Ni, Ag) and the RGO can form intermediate pathways for the transport 532 

and interfacial transfer of charge carriers. Therefore, this proposed approach uses many 533 

pathways for the degradation of pollutants. 534 Fe3+orAg  + e− → Fe2+or Ag− (9) Fe2+or Ag−  + O2(ads) → Fe2+or Ag− − O2(ads) (10) Fe2+or Ag− − O2(ads) → Fe3+or Ag  + O2−•(ads) (11) Fe3+, Ni2+or RGO + O2(ads) → Fe3+, Ni2+or RGO − O2(ads) (12) Fe3+, Ni2+or RGO−O2(ads) + e− → Fe2+,  Ni+ or RGO− − O2(ads) (13) Fe2+,  Ni+ or RGO− − O2(ads) → Fe3+, Ni2+or RGO + O2−•(ads) (14) Fe3+, Ni2+or Ag + water species (OH−(ads))→ Fe3+, Ni2+or Ag − OH−(ads) 

(15) 
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Fe3+, Ni2+or Ag − OH−(ads) + h+ → Fe3+, Ni2+or Ag − OH•(ads) (16) Fe3+, Ni2+or Ag − OH•(ads) → Fe3+, Ni2+or Ag + OH•(ads) (17) 

Based on these pathways, the concentration of the reactive centers for the studied systems 535 

are plotted in Figure 3. This figure indicates the effective concentration of reactive-centers in 536 

3 wt.% Fe-doped TiO2, 3 wt.% Ni-doped ZnO, N-doped TiO2/RGO is higher than that of the 537 

other samples of their groups. The experimental and fitted results show that the increase of the 538 

photocatalytic efficiency of these samples can be attributed to the modification effect of the 539 

semiconductors. 540 

 541 

3.2.5. The reactions of the charge carriers (the trapping process) 542 

The third part of the proposed mechanism is a set of reactions in which the photogenerated 543 

charge carriers participate. The trapped charge carriers exhibit a longer lifetime than the free 544 

electrons and holes. Therefore, they can play a more helpful role in the pollutant destruction 545 

process. Our approach is based on the trapping of the charge carriers 546 

on the surface or in the bulk of a catalyst. A small number of these charges leads to ROSs 547 

production, so it was preferred to divide the effective reactive-centers into two categories. 548 

Reactive centers such as RC1, RC2, RC3, RC4, RC5, and RC6 play a prominent role in 549 

the generation of the used ROSs in the destruction of organic pollutants. The reactive centers 550 

like RC7, RC8, and RC9 (semi-effective centers) prevent the recombination process of the 551 

electron-hole pairs. The second type of the centers in bulk or on the surface can trap the charge 552 

carriers as follows: 553 𝑒− + S1𝑡𝑟𝑎𝑝 → e𝑡𝑟𝑎𝑝 (18) ℎ+ + S2𝑡𝑟𝑎𝑝 → h𝑡𝑟𝑎𝑝 (19) 

As shown in Table 4, the fitting results showed the rate constant for the Eq. (18) is slightly 554 

higher than the rate constant of Eq. (19). However, the rate constant of the holes' trapping by 555 
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the first type of the effective reactive-centers has more significant effect on the conformity of 556 

the simulated results and experimental data. This result can be ascribed to the higher power of 557 

hydroxyl radicals generated by the valance band holes. 558 

Water species are a crucial factor in forming some reactive-centers on the surface of the 559 

TiO2 and ZnO. In the proposed approach, water is adsorbed on the TiO2 surface in two forms, 560 

i.e., the dissociative and the molecular. In molecular adsorption, the oxygen atom 561 

electrostatically interacts with a Ti5c site, and the hydrogens form the H bonds with two surface 562 

O2c sites on the next ridge. The formation of the hydrogen bonds between water molecules and 563 

the TiO2 surface expands a strong network of high-ordered configurations (Mattioli et al. 2008). 564 

In dissociative adsorption, the hydroxyl group bonds to a Ti5c atom, and hydrogen ion bonds 565 

to an O2c atom. Therefore, two distinct hydroxyl groups can arise from the water dissociation 566 

on the TiO2 surface, i.e., terminal and bridging hydroxyl species (Patrick &Giustino 2014, 567 

Wahab et al. 2008). Because the 5-fold coordinated Ti atoms act as Lewis acid sites able to 568 

form powerful bonds with electron pairs of water molecules, and 2-fold coordinated oxygen 569 

atoms act as Lewis base sites able to share a pair of the electrons with empty orbitals. Walle et 570 

al. (Walle et al. 2011) showed that the amount of molecular and dissociated species of the 571 

adsorbed water on the surface are comparable. Dissociative adsorption of water molecules can 572 

produce hydroxyl groups and protons bonded to the TiO2 surface. The hydrogen and hydroxyl 573 

ions of the aqueous solution are adsorbed on the TiO2 surface and create the reactive-centers 574 

of the RC1. On the other hand, the interaction of water species and Fe3+ and Ni2+ ions leads to 575 

the formation of the RC2 reactive-centers on the surface of the Fe-doped TiO2 and Ni-doped 576 

ZnO. It was reported (Carneiro et al. 2011) that the iron doping into the TiO2 lattice leads to 577 

more surface hydroxylation. 578 

In the past decades, the water interaction with the ZnO surface has been studied using both 579 

experimental and computational methods. Martins et al (Martins et al. 1996) investigated the 580 
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adsorption of the H2O molecules on a (ZnO)22 cluster by using some semi-empirical 581 

procedures. Their results indicated the weak interaction of the hydrogen atom of water with the 582 

oxygen atom of the ZnO surface leads to the formation of the O-H ....O band. 583 

Kharche et al. (Kharche et al. 2014) analyzed the microscopic structure of the ZnO aqueous 584 

interfaces using the first-principles density functional theory. They concluded that protons of 585 

the dissociated water molecules interact with the oxygen anions of the ZnO surface, while the 586 

hydroxide ions interact with Zn cations. The presence of hydroxyl groups is confirmed by the 587 

FT-IR spectroscopy (Gnanamozhi et al. 2020). The interaction of H2O molecule with the 588 

oxygen-terminated polar surface of ZnO was investigated by Kunat et al (Kunat et al. 2003). 589 

They suggested that two OH-species are formed by the dissociation of water molecules at the 590 

O-vacancy. Therefore, water is adsorbed on the ZnO surface in both physisorption and 591 

chemisorption forms (Nagao 1971, Yue et al. 2018). 592 

The FT-IR spectra exhibit the presence of Zn-O-Ni bonds for all the Ni-doped ZnO 593 

samples (Mousavi et al. 2017). Water molecules and hydroxyl ions can interact with nickel 594 

ions on the Ni-doped ZnO surface to form the reactive-centers of the RC2 (Assowe et al. 2012, 595 

Cappus et al. 1993, Simion et al. 2017). According to the proposed approach, these reactive- 596 

centers have a synergistic effect on the organic pollutant photodegradation. The concentrations 597 

of the reactive- centers are considered as a function of the pH solution. At the isoelectric point, 598 

the molecular form of water is effective in the formation of the reactive-centers due to the low 599 

concentration of hydroxyl and hydrogen ions. 600 

Since the report of the photocatalysis phenomena, many authors (Montoya et al. 2013, 601 

Salvador 2007) confirmed that electrons and holes are trapped in bulk or on the surface of 602 

photocatalyst. It has been debated whether the VB free holes are trapped by surface-adsorbed 603 

water species, or by the surface oxygen ions (Liu et al. 2014). The analysis of the electronic 604 

structure showed (Bahnemann et al. 1984) the HOMO levels of the adsorbed water on the rutile 605 
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TiO2 (110) are much less than the top of the TiO2 VB level. For this reason, Salvador (Salvador 606 

2007) explained the photogenerated holes do not have enough power to oxidize the adsorbed 607 

water species, and the oxidation of the water molecules by photogenerated holes is prohibited. 608 

The photo-induction process may change the position of the molecular orbitals in the electronic 609 

structure of the adsorbed water species. Therefore, some authors still believe the photocatalytic 610 

process is initiated through the oxidation of the adsorbed water on the surface by the valence 611 

band holes (Tan et al. 2012). 612 

The formation of surface-adsorbed hydroxyls in the A − doped MxOy photocatalyst can 613 

be written as follows: 614 

 

(20) 

Photo-induced holes generated under UV illumination are simultaneously trapped with the 615 

conduction band electrons (Bahnemann et al. 1997). The trapped hole on the surface is 616 

considered as an adsorbed OH• radical (Nosaka &Nosaka 2017, Schneider et al. 2014). The 617 

holes trapped are transferred to water species, resulting in the formation of OH•(ads). 618 

Researchers believe the hydroxyl radicals or the surface-adsorbed holes are the main oxidizing 619 

intermediates for the degradation of the organic pollutants (Andreozzi et al. 1999, Kuang et al. 620 

2016). Several groups were presented the experimental evidence of the production of hydroxyl 621 

radical in photocatalytic reactions (Al-Ekabi et al. 1989, Carraway et al. 1994, Mao et al. 1991, 622 

Okamoto et al. 1985). Hydroxyl radicals (OH•) are short-lived and strong oxidants in an 623 

aqueous medium that react quickly with many of the dissolved compounds. The reaction 624 

between ROSs and an organic pollutant is symbolically represented in the fourth part of the 625 

general mechanism. 626 
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According to the experimental conditions, it has been reported (Qian et al. 2019) the 627 

trapping timescale of the VB holes varies between picosecond and nanosecond. As shown in 628 

Table 4, the rate constants of the trapping the valance band holes by the reactive-centers of 629 

RC1 or RC2 are in order 109. Our findings show a good correlation between the rate constant 630 

and the timescale of the trapping process. The trapping step of VB holes is the most important 631 

step of pollutant degradation due to the high reactivity of hydroxyl radicals (Munter 2001). The 632 

fitting results showed that the rate constant of the hole trapping step by the reactive-centers has 633 

a significant impact on the fitting curve. 634 

Therefore, it is easy to understand the importance of water species and dopant level in the 635 

photocatalytic degradation of the pollutant using the proposed mechanism. As shown in Figure 636 

3a, the fitting results indicate that the effective concentration of reactive-centers of the RC1, 637 

and RC2 are at their maximum value in a sample with the highest photocatalytic performance. 638 

Therefore, these variables can be used to find the optimal condition of the studied system. 639 

An important pathway for the organic pollutant oxidation in photocatalytic reactions is the 640 

direct attack of VB holes to the pollutant molecules adsorbed on the catalyst surface. This step 641 

competes with the reaction of hydroxyl radicals and the pollutant molecules, because these 642 

charges have high oxidation potential (2.9 V vs. SHE in pH=0). The main pathway of the 643 

organic pollutant degradation is determined by the type of the catalyst and the pollutant's 644 

nature. However, the fitting results confirm the adsorbed pollutants on the TiO2 surface are 645 

destroyed by the direct attack of the VB holes, and the rate constant of this step affects the 646 

fitting curve. 647 

Chen et al. (Chen et al. 2005) indicated the AO7 degradation is primarily initiates by photo- 648 

induced holes. Sivalingama et al. (Sivalingam et al. 2003) investigated the photocatalytic 649 

degradation of the various dyes in the TiO2 suspension under UV light irradiation. They 650 

assumed that dyes are oxidized by direct attacks of holes and hydroxyl radicals. Bahnemann et 651 
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al. (Bahnemann et al. 1997) found a mechanism for the photocatalytic oxidation of 652 

dichloroacetate and thiocyanate on the TiO2 (anatase). They stated the strongly-adsorbed 653 

molecules react with the free VB holes, whereas the weakly-adsorbed species react with long- 654 

live trapped holes. 655 

The adjusted value of the rate constant (Table 4) shows the rate of this step is comparable 656 

with the trapping the holes in the reactive-centers of RC1 and RC2. In other words, the rate 657 

constant confirms the claim that direct attack of holes supports the pollutants destruction by 658 

hydroxyl radicals. The computational results demonstrate  that the rate constant of this step has 659 

a lower effect on the fitting process than the trapping of the holes by the reactive-centers of 660 

RC1 and RC2. Therefore, there are two distinct pathways for the degradation of organic 661 

pollutant: (1) the free- degradation by the charges trapped on the photocatalyst surface, and (2) 662 

degradation of pollutants absorbed on the surface of the photocatalyst by free holes . The role 663 

of these pathways in eliminating of pollutants depends on the photocatalyst nature, the pollutant 664 

structure, and the solution pH. The fitting results indicate the second pathway is less important 665 

because its proceeding depends on the adsorption reaction. One possible reason is that reactive- 666 

centers are more accessible than adsorbed molecules. 667 

The photogenerated holes have a short life-time, which can attack and destroy the adsorbed 668 

dye molecules on the photocatalyst surface. The intermediates produced during the AO7 669 

photodegradation process may be adsorbed on the photocatalyst surface or diffuse into the 670 

solution. It is possible that the absorbed intermediate molecules on the surface are destroyed 671 

by the free VB holes. However, the simulation results show that the reaction of the 672 

photogenerated holes with intermediates has no effect on the AO7 degradation process. In other 673 

words, the curve of the AO7 concentration versus time is not affected by a change in the rate 674 

constant of this reaction. Therefore, the reaction of the photo-induced holes with intermediate 675 

molecules was ignored in the proposed mechanism. 676 
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On the other hand, excess electrons are usually available on the photocatalyst surface due 677 

to various factors such as intrinsic defects, the other element doping into the TiO2 lattice, and 678 

the photo-induction by UV/Vis light illumination. These electrons may be trapped by some 679 

adsorbed species on the photocatalyst surface. 680 

Oxygen molecules can play an essential role in the formation of the reactive-centers. The 681 

ability of the charged oxygen molecules production is an influential factor in photoactivity. Wu 682 

et al. (Wu et al. 2003) suggested two molecular and one dissociated adsorbed configurations 683 

for the O2 adsorption on the TiO2 surface. In the most stable molecular configuration, the 684 

oxygen molecule is adsorbed on the vacancy site, and binds to the two nearest Ti cations. In 685 

the other molecular configuration, O2 molecule is located on top of a Ti5c atom. The binding 686 

energy of this configuration is ~2 eV smaller than the binding energy of the first configuration. 687 

Due to the availability of adequate oxygen, our approach assumes the O2 molecules 688 

primarily adsorb on the A − doped MxOy/B surface, leading to the formation of RC3, RC4, 689 

and RC5. These reactive-centers trap the excess electrons. When the photogenerated holes 690 

quickly migrate to the surface trapping centers, electrons are initially trapped in Ti4+ lattice 691 

trapping states (Di Valentin et al. 2006). The photoexcited electrons in Ti3+ defect sites were 692 

firmly confirmed by the electron paramagnetic resonance (EPR) technique (Hurum et al. 2003). 693 

The transfer of one or more trapped electrons to the oxygen molecules leads to the formation 694 

of adsorbed-surface oxygen, and consequently, the generation of the superoxide anion radicals. 695 

It was reported (Fujishima et al. 2008) the trapped electrons react with oxygen molecules faster 696 

than the free electrons. 697 

Superoxide radicals (O2•−) enable to act as the effective species for destroying many toxic 698 

organic pollutants (Carter et al. 2007, Ryu &Choi 2004). Kuang et al (Kuang et al. 2016) found 699 

that 40% of the total degradation of orange II and methylene blue dyes could be attributed to 700 

1O2, O2•− and the UV photolysis in the 2TiO /UV system. The formation of O2•− during the 701 
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photocatalytic reactions was confirmed by several techniques (Jaeger &Bard 1979, Nosaka et 702 

al. 1997). The characteristic time for trapping of the charge carriers varies depending on the 703 

experimental conditions from picosecond to nanosecond timescale (Friedmann et al. 2010). 704 

Tamaki et al. (Tamaki et al. 2007) reported that the electrons and holes are trapped on the 705 

surface of the anatase TiO2 at ∼200 fs timescale. 706 

Bahnemann et al. (Bahnemann et al. 1997) determined a rate constant of the reaction of 707 

the trapped electrons with oxygen molecules as 7.6×107 L.mol-1.s-1. Gerischer (Gerischer 1995) 708 

reported the rate constants for transfer of free and trapped electrons to oxygen molecules are 709 

4.5×107 s-1 and 4.5×103 s-1, respectively.  710 

In our study, it is assumed the concentration of dissolved oxygen (DO) remains constant 711 

during the photocatalytic reaction. Pan et al. (Li et al. 2019) investigated the various properties 712 

of the ZnO nanoparticle as a gas sensor. They found that oxygen molecules are rapidly pre- 713 

adsorbed on the surface of the ZnO (001). Wang et al. (Li et al. 2005) studied the sensing 714 

mechanism of the ZnO films by the transient photocurrent technique. Their results indicated 715 

that O2 molecules are adsorbed on the surface of ZnO in both physisorption and chemisorption 716 

forms. When the Ni-doped ZnO is exposed to oxygen, the reactive-centers of the Ni-O2 are 717 

formed by the reaction of the adsorbed oxygen molecules with nickel ions (Norton et al. 1977, 718 

Qian et al. 2020). 719 

In our provided mechanism, the photogenerated electrons are trapped by Ti4+, Fe3+, Zn2+, 720 

and Ni2+  ions in the reactive-centers of  Ti4+ − O2(ads), Fe3+ − O2(ads), Zn2+ − O2(ads), 721 Ni2+ − O2(ads), and RGO − O2(ads). Besides, silver is considered as a reactive-center, which 722 

can accept and transfer the CB electrons of the semiconductor. Some studies (Sengunthar et al. 723 

2020, Yu et al. 2018) showed the higher photocatalytic efficiency of  RGO/TiO2 and RGO/ZnO 724 

is attributed to RGO. It acts as (1) a charge separator, (2) a photosensitizer, and (3) a good 725 
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adsorbent. The RGO  sheets transfer the CB electrons to the adsorbed oxygen molecules on the 726 

nanocomposite surface to produce O2•− radicals. 727 

As shown in Figure 3c, the improvement of the photocatalytic efficiency of the N-doped 728 

TiO2/RGO sample can be attributed to the presence of RC5 reactive-centers, which can trap 729 

the CB electrons. The fitting results show the rate constant of  the trapping of photo-induced 730 

electrons by the reactive-centers of the RC3, RC4, and RC5 is in the order of 109. The values 731 

of the rate constants are consistent with this strategy and to the timescale of the process of 732 

trapping the CB electrons on the TiO2 surface (Friedmann et al. 2010). 733 

The results of our work show the fitting process is affected by changing the value of the 734 

rate constant for the reaction of the CB electrons with the reactive-centers of the RC3, RC4, 735 

and RC5. Therefore, using the proposed mechanism, the role of the following two factors in 736 

the pollutants photodegradation can be explained: (1) the synergistic effect of the Fe3+, Ni2+, 737 

RGO, and Ag+ with TiO2 and ZnO, and (2) the flow rate of the O2. 738 

The proposed mechanism is in good agreement with the experimental results. Trapping 739 

experiments showed that OH•and O2•− in the system of the Ag/ZnO/O3/Phenol plays a major 740 

role in the degradation of pollutants, which is consistent with the EPR results (Peng et al. 2019). 741 

On the other hand, the radical quenching experiments clearly indicated that O2•− radicals have 742 

an important role in the TC photodegradation under visible light illumination (Tang et al. 743 

2018). 744 

Hydrogen peroxide (H2O2) is another important ROSs in photocatalytic systems. It is 745 

produced from two pathways during the photocatalytic processes. Those are the two-hole 746 

oxidation of H2O and the two-electron reduction of O2(ads) (Hirakawa et al. 2001, Nosaka 747 

&Nosaka 2017, Sahel et al. 2016), as follows: 748 2 H2O + 2 h+ ⟶ H2O2 + 2H+ (21) O2•− + e− + 2 H+ ⟶ H2O2 (22) 
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The reduction pathway seems to be dominant due to the low reactivity of superoxide radicals. 749 

Li and Selloni (Li &Selloni 2013) found the generation of O2•− via the transfer of an electron 750 

to an oxygen molecule is barrier-less. In contrast, the transfer of the second electron to adsorbed 751 

superoxide to produce an adsorbed H2O2 is nonadiabatic, and it has a barrier of 0.3eV at the 752 

anatase TiO2. A low concentration of hydrogen peroxide has been detected in the aqueous 753 

suspension of the TiO2 and ZnO under UV illumination (Mrowetz &Selli 2006, Nosaka et al. 754 

1997). It can be formed by the reaction of the electrons with superoxide radicals in the presence 755 

of protons (Sahel et al. 2016): 756 O2−•(ads) + e− + 2H+ → H2O2(ads) (23) 

It was reported (Nosaka &Nosaka 2017) the quantum yield of the H2O2 generation is in 757 

the order of 10-7 for the TiO2 powder, and in the order of 10-3 for the anatase TiO2 films. 758 

Although the rate constant of this reaction is high, the fitting results show that this reaction has 759 

little effect on the fitting curve. The reason may be as follows: (1) the proceeding of this 760 

reaction depends on the presence of three species; (2) the concentration of hydrogen ions is 761 

low in the non-acidic solution. 762 

The rate constant for the reaction of the aqueous electrons with H2O2 is in the order of 1010 763 

M-1. s-1 (Gierer et al. 1994). This reaction is thermodynamically favorable (ΔE0 = +0.73 V at 764 

pH 7) (Nosaka &Nosaka 2017). The fitting results show the adjusted value of the rate constant 765 

for the electron reaction with H2O2 is in the order of 109. This result is consistent with the 766 

trapping process of the CB electrons on the TiO2 surface. Therefore, the reaction of electrons 767 

with H2O2 has a significant effect on degradation of organic pollutant. As a result, the effect of 768 

H2O2 on the degradation process in photocatalytic systems can be investigated with these 769 

explanations.  770 

 771 

3.2.6. The recombination of the charge carriers 772 
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The sixth part of the general mechanism is the recombination of the charge carriers. In our 773 

approach, the degradation of the organic pollutants is prevented by both recombinations of the 774 

free and the trapped electron-hole pairs. The trapping of the charge carriers not only prevents 775 

the recombination process but also increased the carriers lifetime. As seen in Table 4, the value 776 

of the rate constant is in the order of 109 for this step. In this work, the effect of the 777 

recombination of the charge carriers on the fitting process was investigated by changing the 778 

value of the rate constant. The fitting results show that the recombination of e−/h+ pairs has a 779 

determining role in the degradation of the organic pollutant. The recombination of the charge 780 

carriers is an important step of the photodegradation process that occurs in a femtosecond 781 

timescale. The quantum yields of the most photocatalytic reactions are less than 10%, and it 782 

can be due to the recombination process. After a certain time, the charge carriers are 783 

recombined to produce light and heat. The recombination of the charge carriers is one of the 784 

most important factors in the fabrication of photocatalysts and the design of the photoreactors 785 

(Li &Li 2002, Visan et al. 2019, Wang et al. 2010). 786 

The adjusted value of the rate constant for the recombination of the charge carriers shows 787 

that this step has a significant effect on the degradation process of organic pollutants. Besides, 788 

the fitting results indicate the following findings: (1) the free charge carriers recombine faster 789 

than the charge carriers trapped by the TiO2 surface; (2) the value of R2 changes significantly 790 

by changing the value of the rate constant for the trapping of the CB electrons by the semi- 791 

effective centers; (3) the fitting process is strongly influenced by the recombination of the 792 

charge carriers trapped in the reactive-centers. 793 

Figure 3 shows that the concentration of the semi-effective centers is highest in the 794 

following samples: 3% wt. Fe-doped TiO2, pH=3, 3% wt. Ni-doped ZnO, N-doped TiO2/RGO, 795 

and Ag-doped ZnO/O3. The fitting results are in agreement with the experimental results. Using 796 

the proposed approach, a deeper understanding of the recombination process is obtained, and 797 
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the obtained results are in agreement with the previous studies (Krýsa et al. 2006, Qian et al. 798 

2019, Rothenberger et al. 1985). Therefore, this study confirms the trapping of the charge 799 

carriers by the active sites is an acceptable strategy. 800 

 801 

3.2.7. Inactivation reactive-centers 802 

A prominent feature of the proposed mechanism is that hydroxyl radicals are consumed by the 803 

inactivation of the reactive-centers (Barka et al. 2010, Daneshvar et al. 2004, Dutta et al. 2009). 804 

This step is symbolically represented in the seventh part of the general mechanism (Table 3). 805 

The nature of these centers is highly dependent on the type of catalyst and the reaction 806 

conditions. For instance, the following two reactions can be performed to form H2O2 (Guo et 807 

al. 2011, Pelizzetti &Minero 1993): 808 TiO•H + TiO•H → H2O2(ads) (24) TiO•H + OH− → H2O2(ads) + e− (25) 

Daneshvar et al. (Daneshvar et al. 2004) and Dutta et al. (Dutta et al. 2009) assumed the 809 

hydroxyl radicals produced in the photocatalytic reaction could be consumed by the 810 

inactivation species. They suggested that inactivation of the hydroxyl radicals with inactive- 811 

centers is more important than other steps. According to Table 4, the fitting results show that 812 

the rate constant of the inactivation step is in the order of 106. This study shows the fitting data 813 

is affected by changing the value of the rate constant for the reaction of the inactivation species 814 

with the ROSs. Therefore, this step has an essential impact on the degradation of the pollutant 815 

and competes with other reactions. 816 

On the other hand, some inactivated OH• radicals may be reactivated by the participation 817 

of water molecules and activation sites. For example, the produced H2O2 in the photocatalytic 818 

reaction may be converted to hydroxyl radicals by the following reactions: 819 TiIV + e− + H2O → TiIIIOH2 (26) 
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TiIIIOH2 + H2O2(ads) → TiO•H + OH− + TiIVOH2 (27) 

In this work, the effect of the re-activation step on the degradation of the organic pollutant 820 

was investigated by changing the values of the rate constants. The results indicated that the 821 

reactivation process in the studied systems is much less important than the generation of 822 

hydroxyl radicals or the inactivation reaction. For this reason, the reactivation steps were 823 

omitted in the final mechanism. 824 

 825 

3.2.8. Comparison of the pollutants photodegradation caused by different light sources 826 

This approach can be used to investigate the photodegradation mechanism of the organic 827 

pollutants by photocatalysts with the general formula A-doped MxOy under different irradiation 828 

sources. In this work, the AO7 photodegradation on the 2wt.% Fe-doped TiO2 surface induced 829 

by different light sources was simulated. The curves of the AO7 concentration versus time for 830 

these samples is plotted in Figure (5). As can be seen in this figure, there is good conformity 831 

between the results of the simulation and the experimental data. The adjusted values of the rate 832 

constants of the first step for the irradiation sources of the UV-, solar-, and visible-light are: 833 

1.47×10-3, 7.33×10-4, and 4.90×10-4 M-1.min-1. The rate constant of the other steps is the same 834 

as the values given in Table (2) for the Fe-doped TiO2 system. These results show the 835 

degradation efficiency of the UV-light is greater than that of the solar-light and visible-light. 836 

The simulation results show the effective concentration of photons (Ieff) in the 2wt.% Fe-doped 837 

TiO2/visible-light/AO7 system is lower than other samples. The reason can be attributed to the 838 

lower power of visible-light photons. This decreases the effective concentration of the charge 839 

carriers and thus the rate of the AO7 degradation. 840 

We predict the proposed approach can also be used to investigate the mechanism and 841 

kinetics of photocatalytic reactions using other photocatalysts such as sulfides. However, it 842 

should be examined in another study. 843 
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 844 

4. Conclusion 845 

In this study, a new approach and a general mechanism are provided to investigate the kinetics 846 

of the degradation of the organic pollutants by the photocatalysts under UV/Vis light 847 

irradiation. This approach was examined to find a suitable mechanism for the photodegradation 848 

of the four different empirical systems of acid orange 7 on Fe3+-doped TiO2 nanocatalysts, 849 

ozonation of phenol on Ag/ZnO nanocomposites, tetracycline hydrochloride on N-doped 850 

TiO2/reduced graphene oxide, and congo Red on Ni-doped ZnO. The production of the 851 

effective reactive-centers and the trapping of the charge carriers are two main strategies used 852 

in the proposed mechanism. This mechanism describes the experimental data well, and it can 853 

be used to predict the behavior of the photocatalytic systems at different conditions. The fitting 854 

results showed the excellent conformities between the calculated and experimental data at 855 

various conditions. 856 

Two methods were used to estimate the parameters: the hybrid manual-automatic method 857 

and the optimization-based techniques. The first method can be performed in two steps to 858 

obtain good agreement between the experimental data and the fitting results: (1) manual 859 

adjusting the system parameters, and (2) the optimization by the 𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ function. The 860 

fitting results show the hybrid manual-automatic method leads to reliable values than 861 

optimization-based procedure. Moreover, the fitting results showed:  862 

(1) the rate constant of electron-hole generation step in the proposed mechanism is in the order of 863 

10-3 for UV-light and 10-1 for visible light illumination. Therefore, a small fraction of the charge 864 

carriers can lead to the degradation of the organic pollutants; 865 

(2) the photocatalyst surface is composed of the different reactive-centers in contact to the water 866 

species and the other materials. Depending on the reaction conditions, a certain number of these 867 

centers participate in the organic pollutants degradation. The synergic effect of dopants 868 



38 

 

increases the surface area, the effective reactive-centers, and the trapped e−/h+ pairs, and thus, 869 

it improves the pollutants photodegradation; 870 

(3) the photodegradation efficiency is highest when the effective concentration of the reactive- 871 

centers and the effective concentration of photons are maximum. Therefore, the optimum 872 

conditions can be achieved by the plotting of the concentration curve of the reactive-centers 873 

for different conditions; 874 

(4) the hydroxyl radicals and superoxide radicals are mainly responsible for the degradation of the 875 

organic pollutants; 876 

The proposed mechanism in this work can be utilized to construct efficient photocatalysts, to 877 

study the kinetics of the organic pollutants photodegradation on the surface, and to optimize 878 

them. 879 
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Tables: 1328 

Table 1. The systems used to assess the feasibility of applying the proposed approach to predict the 1329 

photodegradation of the organic pollutants. 1330 

 

The studied system [photocatalyst] [pollutant] [The other materials] pH Ref. 

Acid Orange 7/Fe-doped TiO2/ 

UV-light 
100 mg.L-1 50 mg.L-1 3 wt. % 3-9 

(Han et al. 

2018) 

Congo Red /Ni-doped ZnO/ 

UV-light 
0.5 g.L-1 10 mg.L-1 

Ni-to-Zn weight ratios 

(2%, 3%, 5%, and 10%) 
6 

(Mousavi et 

al. 2017) 

Tetracycline hydrochloride 

/N-doped TiO2 and N-doped 

TiO2/RGO/visible light 

1 g.L-1 10 mg.L-1 - neutral 
(Tang et al. 

2018) 

Phenol/ZnO/O3, Ag-doped 

ZnO and Ag-doped ZnO/O3/ 

UV-light 

0.5 g.L-1 50 mg.L-1 
[O3(gas)]=10 mg.L-1  

[Ag]=1.5 wt. % 
6.8 

(Peng et al. 

2019) 

 1331 

Table 2. Proposed formulations of the reactive-centers on the photocatalyst surface in contact with the 1332 

pollutant aqueous solution. 1333 

The type of  

reactive-center 
Formula 

RC1 M − OH, M − OH2 +, M − O −, M − OH2, M − ObridgeH − M, and M − Obridge(H2O) − M 

RC2 A − OH, A − OH2 +, A − O −, A − OH2, A − ObridgeH − X, and A − Obridge(H2O) − X 

RC3 M − O2 (Ti − O2 or Zn − O2) 

RC4 A − O2 (𝐹𝑒 − O2𝑜𝑟 𝐴𝑔 − O2𝑜𝑟 𝑁𝑖 − O2) 

RC5 𝐵 − O2 (𝑟𝐺𝑂 − O2) 

RC6 Species adsorbed (C) on the surface of the photocatalyst (such as O3) 

RC7 The effective reactive-centers such as Ti4+and Zn2+ for the trapping of photogenerated electrons 

RC8 The effective reactive-centers such as > O2−and OH− for the trapping of photogenerated holes 

RC9 
The other effective reactive-centers (Am+) such as Fe3+ , Ni2+ and Ag+ for the trapping of 

photogenerated electrons 

RC10 Sinactive (for hydroxyl radicals) 

RC11 Sinactive (for superoxide radicals) 

RC12 Sinactive (for other species) 

RC13 Adsorption sites 
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Table 3. The general proposed framework for the mechanism of the degradation process of the 1334 

organic pollutants in {A − doped M𝑥O𝑦/B/UV − Vis} aqueous systems. 1335 

Part 1: The generation of charge carriers: A − doped M𝑥O𝑦/B + 𝐼eff → h+ + e− 

Part 2: Adsorption of the organic pollutant on the 

photocatalyst surface: RC7 + pollutant ⇆ pollutant(ads) 

Part 3: The trapping of the charge carriers: RC1 + h+ → OH•(ads) RC2 + h+ → OH•(ads) RC8 + h+ → htrapped+  Pollutant(ads) + h+ → Intermediates RC3 + e− → O2−•(ads) RC4 + e− → O2−•(ads) RC5 + e− → O2−•(ads) RC6 + e− → O2−•(ads) RC7 + e− → etrapped−  RC9 + e− → O2−•(ads) O2−•(ads) + 2H+ + e− → H2O2(ads) H2O2(ads) + e− → OH•(ads) + OH− 

Part 4: The reaction of ROSs with the organic pollutant 

molecules OH•(ads) + pollutant → Intermediates O2−•(ads) + pollutant → Intermediates 

Part 5: The reaction of ROSs with the intermediates: Intermediates + OH•(ads) → products Intermediates + O2−•(ads) → products 

Part 6: The recombination of the 𝐞−/𝐡+ pairs: htrapped+ + etrapped− → heat h+ + e− → heat 
Part 7: The inactivation of the ROSs by the inactive species: RC10 + OH•(ads) → Inactivated species RC11 + O2−•(ads) → Inactivated species RC12 + The other radicals → Inactivated species 

 1336 

 1337 

Table 4. The elementary reaction steps and their rate constants (the fitted results and the reported values 1338 

in the literature) for the mechanism of the degradation process of the organic pollutants in the studied 1339 

systems. 1340 

I.D. 

Elementary reactions 

The fitted rate constants (k) (Adjusted-optimized) 

Fe-doped 

TiO2 

Ni-doped 

ZnO 

N-doped 

TiO2 

N-doped 

TiO2/RGO 

Ag-doped 

ZnO/O3 

1 𝐴 − 𝑑𝑜𝑝𝑒𝑑 𝑀𝑥𝑂𝑦/𝐵/𝐶 + 𝐼𝑒𝑓𝑓→   𝑒− + ℎ+ 

1.49×10-3 

(M-1 . min-1) 

1.032×10-3 

(M-1 . min-1) 

1.18×10-1 

(M-1 . min-1) 

1.78×10-1 

(M-1 . min-1) 

1.71×10-3 

(M-1 . min-1) 
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2 ℎ+ + 𝑀 − 𝑂𝐻 → 𝑂𝐻𝑎𝑑𝑠•  6.30×109 

(M-1 . min-1) 

8.39×109 

(M-1 . min-1) 

- - 8.30×109 

(M-1 . min-1) 

3 ℎ+ + 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑎𝑑𝑠→ 2𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒1 

1.00×109 

(M-1 . min-1) 

1.00×109 

(M-1 . min-1) 

9.53×107 

(M-1 . min-1) 

9.53×107 

(M-1 . min-1) 

2.10×109 

(M-1 . min-1) 

4 ℎ+ + 𝐴 − 𝑂𝐻 → 𝑂𝐻𝑎𝑑𝑠•  6.30×109 

(M-1 . min-1) 

8.30×109 

(M-1 . min-1) 

- - 7.30×109 

(M-1 . min-1) 

5 ℎ+ + 𝑆𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔2 → ℎ𝑡𝑟𝑎𝑝𝑝𝑒𝑑  3.92×109 

(M-1 . min-1) 

3.92×109 

(M-1 . min-1) 

1.49×109 

(M-1 . min-1) 

1.49×109 

(M-1 . min-1) 

1.89×109 

(M-1 . min-1) 

6 𝑒− + 𝐴 → 𝐴− 1.73×109 

(M-1 . min-1) 

- - - 7.86×109 

(M-1 . min-1) 

7 𝑀 − 𝑂2 + 𝑒− → 𝑂2𝑎𝑑𝑠•−  6.20×109 

(M-1 . min-1) 

6.20×109 

(M-1 . min-1) 

5.49×109 

(M-1 . min-1) 

5.49×109 

(M-1 . min-1) 

7.70×109 

(M-1 . min-1) 

8 𝐴 − 𝑂2 + 𝑒− → 𝑂2𝑎𝑑𝑠•−  7.30×109 

(M-1 . min-1) 

7.30×109 

(M-1 . min-1) 

- - - 

9 𝑒− + 𝑀 − 𝐶 → 𝐶•−(𝑂3•−(𝑎𝑑𝑠)) - - - - 9.00×109 

(M-1 . min-1) 

10 𝑒− + 𝑆𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔1 → 𝑒𝑡𝑟𝑎𝑝𝑝𝑒𝑑 4.89×109 

(M-1 . min-1) 

 

4.82×109 

(M-1 . min-1) 

5.49×109 

(M-1 . min-1) 

4.49×109 

(M-1 . min-1) 

3.02×109 

(M-1 . min-1) 

 

11 𝑒− + 𝐵 − 𝑂2 → 𝑂2𝑎𝑑𝑠•−  - - - 6.53×107 

(M-1 . min-1) 

- 

12 𝑂2𝑎𝑑𝑠•− + 2𝐻+ + 𝑒− → 𝐻2𝑂2𝑎𝑑𝑠 1.42×1012 

(M-1 . min-1) 

1.42×1012 

(M-1 . min-1) 

9.53×1011 

(M-1 . min-1) 

9.53×1011 

(M-1 . min-1) 

2.30×1011 

(M-1 . min-1) 

13 𝐻2𝑂2𝑎𝑑𝑠 + 𝑒− → 𝑂𝐻𝑎𝑑𝑠• + 𝑂𝐻− 2.59×109 

(M-1 . min-1) 

2.59×109 

(M-1 . min-1) 

2.53×109 

(M-1 . min-1) 

2.53×109 

(M-1 . min-1) 

2.80×109 

(M-1 . min-1) 

14 𝐴− + 𝑀 − 𝑂2 → 𝑂2𝑎𝑑𝑠•−  9.20×108 

(M-1 . min-1) 

- - - 9.20×108 

(M-1 . min-1) 

15 𝐴− + 𝑀 − 𝑂3 → 𝑂3•−(𝑎𝑑𝑠) - - - - 9.50×108 

(M-1 . min-1) 

16 𝑂3•−(𝑎𝑑𝑠) + 𝐻+ → 𝐻𝑂3•−(𝑎𝑑𝑠) - - - - 3.23×1010 

(M-1 . min-1) 

17 𝐻𝑂3•−(𝑎𝑑𝑠) → 𝑂3•−(𝑎𝑑𝑠) + 𝐻+ - - - - 3.45×105 

(M-1 . min-1) 

18 𝐻𝑂3•−(𝑎𝑑𝑠) → 𝑂𝐻𝑎𝑑𝑠• + 𝑂2  - - - 3.20×105 

(M-1 . min-1) 

19 𝑂2𝑎𝑑𝑠•− + 𝑀 − 𝑂3 → 𝑂3•−(𝑎𝑑𝑠) - - - - 6.00×109 

(M-1 . min-1) 

20 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑆𝑖𝑡𝑒 → 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑎𝑑𝑠 4×101 

(M-1 . min-1) 

2.1×102 

(M-1 . min-1) 

7.92×102 

(M-1 . min-1) 

1.20×103 

(M-1 . min-1) 

2.75×102 

(M-1 . min-1) 

21 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑎𝑑𝑠 → 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑆𝑖𝑡𝑒 1×10-3 

(min-1) 

1.59×102 

(min-1) 

7.50×102 

(min-1) 

8.5×101 

(min-1) 

2.12×102 

(min-1) 

22 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑂𝐻𝑎𝑑𝑠•→ 2𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒2 

9.20×106 

(M-1 . min-1) 

5.02×107 

(M-1 . min-1) 

9.53×107 

(M-1 . min-1) 

9.53×107 

(M-1 . min-1) 

8.70×107 

(M-1 . min-1) 

23 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑂2𝑎𝑑𝑠•−→ 2𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒3 

5.03×103 

(M-1 . min-1) 

8.30×104 

(M-1 . min-1) 

9.53×103 

(M-1 . min-1) 

3.79×103 

(M-1 . min-1) 

7.30×103 

(M-1 . min-1) 

24 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 + 𝑀 − 𝐶→ 2𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒4 

- - - - 2.52×102 

(M-1 . min-1) 

25 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒2 + 𝑂𝐻𝑎𝑑𝑠•→ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

5.18×106 

(M-1 . min-1) 

6.90×106 

(M-1 . min-1) 

- - 6.68×106 

(M-1 . min-1) 
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26 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒3+𝑂2𝑎𝑑𝑠•− → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 6.03×103 

(M-1 . min-1) 

5.38×104 

(M-1 . min-1) 

9.79×103 

(M-1 . min-1) 

2.11×103 

(M-1 . min-1) 

1.60×103 

(M-1 . min-1) 

27 𝑒𝑡𝑟𝑎𝑝𝑝𝑒𝑑 + ℎ𝑡𝑟𝑎𝑝𝑝𝑒𝑑 → ℎ𝑒𝑎𝑡 3.56×109 

(M-1 . min-1) 

7.86×109 

(M-1 . min-1) 

- - 3.92×108 

(M-1 . min-1) 

28 𝑒− + ℎ+ → ℎ𝑒𝑎𝑡 4.59×109 

(M-1 . min-1) 

8.90×109 

(M-1 . min-1) 

6.48×108 

(M-1 . min-1) 

6.45×108 

(M-1 . min-1) 

8.30×109 

(M-1 . min-1) 

29 𝑆1𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 + 𝑂𝐻𝑎𝑑𝑠• → 𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 8.00×106 

(M-1 . min-1) 

8.00×106 

(M-1 . min-1) 

- - 1.10×107 

(M-1 . min-1) 

30 S2𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 + O2−•(ads)→ Inactivated species 

 

- - 1.53×103 

(M-1 . min-1) 

1.53×103 

(M-1 . min-1) 

6.50×103 

(M-1 . min-1) 

31 S3𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒(ads) + 𝑀 − C→ Inactivated species 

 

- - - - 1.25×102 

(M-1 . min-1) 

 1341 

 
Table 5. The elementary reaction steps and their rate constants (the fitted results and the reported values 1342 

in the literature) for the mechanism of the TC degradation in the TiO2/visible light. 1343 

I.D. Elementary reactions 
The adjusted rate constants 

(M-1.min-1) 

The optimized rate constants 

(M-1.min-1) 

1 Site + TC → TC(ads) 1.12×102 1.13×102 

2 TC(ads) → Site + TC 6.30×101 6.46×101 

3 TC(ads) + 𝐼𝑒𝑓𝑓 → TC(ads)∗ + e− 2.70×10-4 1.56×10-4 

4 O2−• + e− → O2−•(ads) 5.49×108 5.49×108 

5 O2−•(ads) + TC → Intermediates 6.79×103 6.79×103 

6 Intermediates + O2−•(ads) → products 1.53×104 1.53×104 

7 TC(ads)∗ + e− → heat 6.48×107 6.48×107 

8 S𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 + O2−•(ads) → Inactivated species 1.63×103 1.63×103 

  1344 
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Figures: 1345 

 1346 

 1347 

 1348 

 1349 

 1350 

 1351 

 1352 

 1353 

 1354 

 1355 

 1356 

Figure 1.  An overview of the proposed approach. 

 1357 

  1358 
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 1359 

 1360 

 1361 

 1362 

 1363 

Figure 2.  Implementing the proposed approach to find the best mechanism of the TC degradation in the 

TiO2/visible-light system by comparing the two optimization and manual adjustment methods.  
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 1367 

Figure 3. The effective concentration of the reactive-centers obtained from implementing the fitting process 

for all the studied samples. 
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 1380 

Figure 4. The curves of the organic pollutant concentration vs. time for the studied systems 1381 

(the experimental and the fitted results).  1382 
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 1385 

Figure 5. Comparison of the AO7 photodegradation on the 2wt.% Fe-doped TiO2 surface 1386 

induced by different light sources (the experimental and the fitted results).  1387 
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