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ABSTRACT 8 

Quantum yields of the photocatalytic degradation of methyl orange under 9 

Controlled Periodic Illumination (CPI) have been modelled using existing 10 

models. A modified Langmuir-Hinshelwood (L-H) rate equation was used to 11 

predict the degradation reaction rates of methyl orange at various duty 12 

cycles and a simple photocatalytic model was applied in modelling quantum 13 

yield enhancement of the photocatalytic process due to the CPI effect. A 14 

good agreement between the modelled and experimental data was 15 

observed for quantum yield modelling. The modified L-H model, however, 16 

did not accurately predict the photocatalytic decomposition of the dye under 17 

periodic illumination. 18 
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1.  INTRODUCTION 23 

Semiconductor photocatalysis using titanium dioxide (TiO2) photocatalysts 24 

is an active area of research in environmental remediation, which has been 25 

demonstrated to be effective in the destruction of a variety of environmental 26 

pollutants and toxins [1-5]. Photocatalytic detoxification takes place when 27 

redox reactions involving charge-carriers (e-
cb and h+

vb) are initiated by the 28 

absorption of photons of appropriate energy by the photocatalyst/substrate. 29 

If the initial photo-excitation takes place in the photocatalyst (TiO2), which 30 

then transfers energy or an electron to the adsorbed ground state molecule 31 

(substrate), a sensitized photo-reaction is said to have taken place. When 32 

the reverse takes place, the process is referred to as a catalyzed photo-33 

reaction [6]. Once generated, the fate of the electron-hole pair follows two 34 

notable pathways; charge-carrier recombination in the bulk or surface and 35 

charge transfer to adsorbed species (H2O, OH- and O2) producing 36 

intermediate species (O-
2 and OH•). The generated h+

vb and OH• having 37 

redox potentials of +2.53 and +2.27 respectively [7] at pH 7 are highly 38 

electropositive and responsible for the photooxidation of adsorbed 39 

substrates. Since charge-carrier recombination is a faster primary process 40 

than interfacial charge transfer [4], most electron-hole pairs recombine 41 

therefore limiting charge transfer which is necessary for initiating the redox 42 

reactions required for photocatalytic detoxification. Hence, charge-carrier 43 

recombination is the most important primary process limiting the efficiency 44 

of the photocatalytic process. 45 

The efficiency of photocatalytic oxidation processes is measured as the rate 46 

of photocatalytic reaction per photon absorbed by the catalyst. This is the 47 

quantum yield (φ), which is directly proportional to the electron transfer 48 

rate constant (kt) and inversely proportional to the charge carrier 49 

recombination rate constant (kr) (1). 50 

                         φ α kt α 1/kr                                 (1) 51 

In the absence of charge-carrier recombination, the quantum yield, φ of an 52 

ideal photocatalytic system will be unity (2). kt will depend on migration of 53 

charge carriers to the surface and the equalization of electron-hole 54 



3 
 

concentration such that e-
cb = h+

vb at the photocatalyst surface. In real 55 

photocatalytic systems, however, e-
cb ≠ h+

vb at the surface. 56 

                          φ α kt / (kt + kr)                                   (2) 57 

In dilute aqueous solutions, φ is typically below 10% [8] whereas in the gas 58 

phase φ exceeds 50% under low intensity illumination [9]. These low 59 

quantum yields of TiO2 photocatalytic oxidation prevent its application in 60 

large scale water remediation [10]. Determination of φ for heterogeneous 61 

photocatalysis is a difficult process because of the effects of scattering and 62 

reflection of photons by the photocatalyst surface.  Therefore, an alternative 63 

measure of photocatalytic efficiency which is the photonic efficiency (ζ) can 64 

be employed. Photonic efficiency takes into account the number of incident 65 

photons and as a result, the measured efficiency is a lower limit of the φ 66 

for any photocatalytic reaction because of the greater magnitude of photons 67 

incident compared with photons absorbed [11]. 68 

In order to suppress charge-carrier recombination and enhance the 69 

efficiency of photocatalytic oxidation Sczechowski et al. [12] suggested the 70 

use of controlled periodic (transient) illumination as a means of increasing 71 

the efficient use of photons in photocatalysis hence, increasing quantum 72 

yield. Controlled periodic illumination (CPI) consist of a series of alternate 73 

light and dark periods (tlight/tdark) and is based on a hypothesis that 74 

continuous introduction of photons may result in the build-up of charges 75 

and photogenerated intermediates such as O-
2 and OH•. These species take 76 

part in the necessary redox reactions but can also participate in reactions 77 

that favour charge-carrier recombination therefore; periodically illuminating 78 

the TiO2 particle at short intervals would inhibit the build-up of these species 79 

and promote the favourable oxidation process.  80 

Previous studies have shown that at equivalent average photon 81 

absorption/flux, φ/ζ under periodic illumination do not exceed those under 82 

continuous illumination [8]. In a more recent study [13], we showed 83 

experimentally that the duty cycle (γ) and not the pulse width is responsible 84 

for the increase in efficiency of photocatalysis under CPI. In this study, we 85 

reproduce the results of our previous experimental study theoretically, 86 
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using existing CPI models. The reaction rates at various γ are calculated 87 

using the modified Langmuir-Hinshelwood rate equation by Chen et al. [14] 88 

and φ is calculated using the mathematical model developed by Upadhya 89 

and Ollis [15].  90 

  91 
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2. MATHEMATICAL MODELS 92 

 93 
2.1. Reaction rate modelling 94 

For the modelling of photocatalytic reaction rates of methyl orange under 95 

CPI, the Langmuir-Hinshelwood (L-H) rate equation (3) was adopted. The 96 

L-H rate model is the simplest model consistent with Langmuir's equilibrium 97 

isotherm and is widely applied to photocatalytic reactions [16-18]. The 98 

model interprets the photocatalytic rate of reaction, r as a product of the 99 

reaction rate constant, kr of surface species (photogenerated and substrate) 100 

and the extent of substrate adsorption, Kads. Competition for adsorption by 101 

other species is represented by adding the terms KadsC to the denominator.  102 

                        - δC/δt = r = kr KadsC/(1 + KadsC)                           (3) 103 

Where the rate r is taken as an initial rate r0, C is taken as the equilibrium 104 

concentration Ce, kr is the reaction rate constant under experimental 105 

conditions and Kads is the Langmuir adsorption coefficient. However, not all 106 

experimental data on photocatalytic reactions can be predicted by this 107 

model [2, 19]. The model is best applied to reactions that follow the 108 

pathway of; (i) adsorption of reacting species on the catalyst surface, (ii) 109 

reaction involving adsorbed species, (iii) desorption of reaction products. 110 

Chen et al. in the decomposition of o-cresol under controlled periodic 111 

illumination (CPI) modified the model by incorporating the parameters, 112 

which account for the pulsing effect of reactions under CPI [14]. The 113 

reaction was assumed to take place on the outer surface of the TiO2 particle 114 

and for a photoreactor under periodic illumination, the average light 115 

intensity and order of light intensity were incorporated into the rate 116 

equation (4) as follows: 117 

                 - δC/δt = r0 = kr(γ Imax)m
 KadsCe/(1 + KadsCe)                      (4) 118 

Where γ = [tlight/(tlight+tdark)] is the duty cycle of UV illumination and is 119 

defined as the ratio of the total illumination period to the total operating 120 

period; a duty cycle of 0.5 or 50% means the lights are on 50% of the time, 121 

Imax is the light intensity (Iavg= γ Imax) and m is the order of light intensity.  122 
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 123 

2.2. Quantum yield modelling 124 

Upadhya and Ollis [15] proposed a transient kinetic model to show rapid 125 

photooxidation of surface reactants by the oxidizing species (h+
vb) accounts 126 

for high efficiencies in CPI experiments. The model formulation assumed 127 

the entire photocatalytic process to occur on a single TiO2 particle. The 128 

factors affecting quantum yield are summarised in the following reactions: 129 

                       TiO2 + hv → e-
cb + h+

vb           (light absorption)          (5) 130 

            e-
cb + h+

vb  → heat (energy)        (recombination)          (6) 131 

                            h+
vb + A  → A+           (hole-organic reaction)          (7) 132 

                              e-
cb + B → B-                   (electron transfer)         (8) 133 

The quantum yield, φ, of the organic substrate was defined as an integral 134 

of the instantaneous quantum yield over time; 135 

                            φ = ∫ k1(h+(t))ΩA(t) δt / ∫ kgl δt                        (9) 136 

Where k1 is the oxidation reaction rate constant, h+ is the hole 137 

concentration, ΩA is the surface fractional coverage of organic substrate, kg 138 

is the light absorption rate constant and l is the incident light intensity. A 139 

high quantum yield will be characterized by a high h+ and total surface 140 

coverage of the TiO2 particle with reactants. Light and dark periods are 141 

incorporated for a TiO2 particle under periodic illumination and the resultant 142 

quantum yield is given as: 143 

                 φperiodic = ∫tlight+tdark k1nA(h+(t))ΩA(t) δt / ∫tlight kgl δt        (10) 144 

                     φcontinuous = ∫tlight k1nA(h+)ssΩAss δt / ∫tlight kgl δt           (11) 145 

Where nA is the number of surface sites for organic substrate, tlight is the 146 

light time, tdark is the dark time. The period for the periodic illumination was 147 
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kept constant at 1 s for different γ from 0 < γ ≤ 1. Hole concentration is a 148 

function of time and is described by eq. (12). 149 

                   δ(h+)/δt = kgl - kr(h+)(e-) – k1(h+)nAΩA       (12) 150 

2.3. Base case parameter values 151 

The same values adopted from the literature by Upadhya and Ollis [15] 152 

were used for the constants and parameters in the study. In order to solve 153 

(12), a steady state approximation was adopted for electron concentration. 154 

It was calculated from typical values of h+ quantum yields [20] with the 155 

assumption that equal number of holes and electrons are generated. 156 

Surface fractional coverage was taken to be constant, and assumed to equal 157 

7 × 1012 cm-2. Furthermore it is assumed that 50 photons are absorbed in 158 

tlight of 1 s. 159 

3. Methodology for quantum yield modelling 160 

The data used in the quantum yield modelling investigated in this study 161 

were obtained from experiments carried out in a previous study [13] where 162 

three sets of experiments were carried out to investigate the effect of the 163 

period, tlight and tdark on the photonic efficiency of the photocatalytic 164 

degradation of methyl orange under low intensity UV light. The experiments 165 

were designed using a controlled experimental approach (Table 1.) in order 166 

to increase confidence in the outcome of the study. 167 

Table 1. 168 

The photonic efficiency remained as the dependent variable throughout the 169 

different sets of experiments while the period, tlight and tdark each served as 170 

controlled variables in one set, and independent variable in other sets of 171 

experiments, hence providing a critical evaluation of their effects on 172 

photonic efficiency. The photonic efficiency, ζ of the photocatalytic 173 

degradation process was calculated as the rate of reaction of the 174 

photocatalytic degradation divided by the incident photon rate [21, 22]. 175 

                          ζ =  𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 𝐫𝐫𝐑𝐑𝐑𝐑𝐑𝐑 (𝐌𝐌 𝒔𝒔−𝟏𝟏)
𝐈𝐈𝐑𝐑𝐑𝐑𝐑𝐑𝐈𝐈𝐑𝐑𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 𝐫𝐫𝐑𝐑𝐑𝐑𝐑𝐑 (𝐌𝐌  𝒔𝒔−𝟏𝟏)

                          (13)                                 176 
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The reaction rate, r was calculated as change in concentration with time,  177 

    𝑟𝑟 = C2−C1
Time

                                          (14) 178 

where C1 is the concentration at the start of illumination and C2 is the final 179 

concentration while the incident photon rate from the UV LEDs determined 180 

by the ratio of the total energy of the LEDs to the energy of a single photon 181 

was calculated to be 4.85 × 10-8 einsteins L-1 s-1.  182 

Photonic efficiencies were determined in the experimental study because 183 

incident photons were taken into consideration while quantum yields were 184 

determined for the theoretical study because the formulation of the 185 

mathematical model used was based on photon absorption by the TiO2 186 

catalyst [15]. Hence, in this study, photonic efficiency values are reported 187 

for the experimental investigation of methyl orange photooxidation while 188 

quantum yield values are reported for the results of the theoretical study. 189 

Both results are presented in figures for evaluation of the mathematical 190 

model. The data for the experimental determination of ζ in the experimental 191 

study showing the values of γ, tlight and tdark is given in table 2. The same 192 

data was also used in the modelling of φ as carried out in the study. 193 

Table 2. 194 

  195 
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4. RESULTS AND DISCUSSION 196 

 197 
3.1. Photocatalytic rate modelling 198 

The experimental data showed the effect of γ on photocatalytic degradation 199 

rates of methyl orange. A 5 g/L loading of TiO2 was suspended in 100 mL 200 

methyl orange solution in distilled water with an initial concentration of 2.5 201 

X 10-2 mM. The photocatalytic degradation of methyl orange solution was 202 

carried out over a period of 170 min including 30 min of dark adsorption 203 

which was experimentally determined as the time taken for adsorption 204 

equilibrium. Methyl orange photooxidation proceeds by surface-trapped 205 

holes which are indistinguishable from OH• radicals adsorbed on the surface 206 

of the hydroxylated TiO2 particle resulting in {TiIVOH•}+
ads which is readily 207 

available for oxidative reactions with the surface adsorbed methyl orange 208 

[23, 24]. The same experimental condition was used for all values of γ, the 209 

period (tlight + tdark) was kept constant while tlight and tdark were varied. The 210 

reaction order n varied with γ (Table 3.), Imax was < 200 Wm-2 therefore m 211 

was taken to be first-order [25]. Kads and kr were obtained from the plot of 212 

1/r0 against 1/γ, the intercept was equal to 1/kr while the slope provided the 213 

solution for 1/krKads hence, the values of Kads and kr were 0.645 dm3mol-1 214 

and 4.85 × 10-4 mMmin-1 or min-1 with respect to the reaction order. 215 

Table 3. 216 

An increase in photocatalytic rates was observed with increasing γ for the 217 

experimental and model data (fig. 1). This is because of an increase in the 218 

average intensity of illumination. Generally for photocatalytic reactions, a 219 

linear relationship exists between photooxidation rates and light intensity 220 

at low light intensities. The relationship tends towards a square root 221 

relationship as intensity increases and eventually rate becomes 222 

independent of intensity at very high intensities [26]. The experimental 223 

results however showed a significantly different trend to that obtained with 224 

the model. The experimental data exhibited a non-linear trend while the 225 

model followed a linear trend. Also, there was a significant difference in the 226 

order of magnitude of the determined rates of reaction and this resulted in 227 

a poor fit of the experimental data by the model. 228 
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Figure 1. 229 

Chen et al. who developed and first reported the use of this model reported 230 

a good fit to the experimental rates [14]. Their plot involved reaction rates 231 

at several concentrations and a single γ. Our experiments monitored 232 

reaction rates at a single concentration but several γ. The varying Iavg as a 233 

result of changing γ had a significant influence on the model rates and this 234 

accounted for the significant disagreement between the model and 235 

experimental rates in trend and magnitude. Photocatalytic reactions under 236 

periodic illumination involve complex transient mechanisms therefore 237 

developing a model for the dependence of the reaction rate on the 238 

experimental parameters over the reaction time can be difficult. The 239 

dependence of the constants Kads and kr on the intensity of UV illumination 240 

is well established (15,16) [27-30] and this is not accounted for in the 241 

modified L-H model. 242 

                                 Kads α 1/γ Imax                                      (15) 243 

                                   kr α γ Imax                                          (16) 244 

The variation of the constants Kads and kr with UV intensity implies their 245 

values when obtained from a plot of 1/r0 against 1/γ will not give a truly 246 

representative value for each γ in the modified L-H model. Furthermore, 247 

orders of reaction rate dependence on photon flux and reagent 248 

concentration are independent of each other [31]. This presents a problem 249 

for the model as reaction order with respect to concentration changes with 250 

an effect on kr while order of photon flux remains the same. 251 

3.2. Quantum yield modelling   252 

The quantum yield modelling of the photocatalytic degradation of methyl 253 

orange confirmed the same trends from experimental data which were 254 

previously reported in the literature [13]. The effect of a constant period 255 

and varying tlight and tdark on the quantum yield was modelled (fig. 2). All 256 

events required for photocatalytic oxidation (5-8) were constrained in 1 s 257 

such that tlight + tdark = 1 s for all duty cycles.  258 
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Figure 2. 259 

A general increase in quantum yield as duty cycle decreased was observed 260 

indicating an inverse relationship between φ and γ. Quantum yield and 261 

photonic efficiency differ because of the difference in accounting for 262 

photons, φ takes into account the amount of photons absorbed by the 263 

catalyst and this is affected by, reflection, transmission and scattering 264 

which is significant and can vary as much as 13% - 76% depending on 265 

experimental conditions [32]. Photonic efficiency on the other hand takes 266 

into consideration only the incident photons on the photocatalyst, assuming 267 

all photons are absorbed and light-losses are negligible. 268 

The model agreement with the experimental data in the modelling of the 269 

effect of tlight and tdark on φ followed a similar trend. When tlight was kept 270 

constant while tdark varied, the contributing effect of tdark to quantum yield 271 

was observed. The approach taken involved the light time events mainly 272 

(5) taking place within 1 s therefore having a controlled impact on φ while 273 

the dark time events were varied by increasing tdark from 0.1 s to 1 s, the 274 

resulting range for the duty cycle was γ = 0.39 – 0.91 (fig. 3). 275 

Figure 3. 276 

The dark period is devoted to the replenishment of surface adsorbed species 277 

by the transfer of electrons to adsorbed oxygen (8) and/or the adsorption 278 

of oxygen onto the surface. Consequently, a higher rate constant for these 279 

steps will result in higher quantum yields. Figure 3 shows the relatively 280 

small improvements in quantum yield as tdark increases in agreement with 281 

previous experimental results. The resulting increase in quantum yield was 282 

inferior to the same effect produced by an increasing tlight. This is as a result 283 

of the sensitivity of the dark period to the rate-limiting nature of (8) [15, 284 

33]. 285 

In the third modelling result, the experimental light time was varied while 286 

the dark time was kept constant. This produced the effect of an increase in 287 

Iavg and higher photon absorption by the photocatalyst as tlight increased, 288 

without a corresponding increase in tdark. The modelled results (fig. 4) show 289 

the quantum yield improved with decreasing duty cycle. 290 
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Figure 4. 291 

As tlight increased, more time was available for (5), which is the first step in 292 

the photocatalytic process, giving rise to (6) resulting in a decrease in 293 

quantum yield. The modelling further reiterates our previous findings which 294 

show that decreasing tlight at constant tdark has a greater effect on quantum 295 

yield than increasing tdark at constant tlight or varying both alternatively by 296 

varying the period.  297 

The enhancement observed in the mathematical modelling of φ when 298 

controlled periodic illumination is employed is produced by the duty cycle,  299 

γ, which is a function of tlight and tdark therefore, their alternating effects 300 

contribute to the overall quantum yield enhancement. Figure 5 shows the 301 

overall trend of quantum yield enhancement as a result of reducing duty 302 

cycle using modelled data. This is in agreement with the result using 303 

experimental data [13] depicting a trend of increasing quantum yield as 304 

duty cycle decreases irrespective of tlight and tdark. 305 

Figure 5. 306 
  307 
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5. Conclusion 308 

Several mathematical models exist for photocatalytic reactions using TiO2 309 

with light intensity distribution and reactor modelling receiving the most 310 

attention. The modified L-H rate equation used in the study is the most 311 

suitable for modelling photocatalytic reaction rates under controlled periodic 312 

illumination because of the integration of Imax, m and γ which account for 313 

the UV intensity, order of intensity and periodicity of illumination 314 

respectively. The influence of γ on the reaction order and the variation of 315 

the constants Kads and kr with UV intensity, however, makes the model 316 

suitable only for reactions with a single γ. The quantum yield model 317 

although speculative, gives a good agreement between the trends for the 318 

experimental data and model data. This suggests a potential for the 319 

formulation of more detailed models which provide a thorough 320 

understanding of the CPI effect and the modelling of photocatalytic rates 321 

under controlled periodic illumination in the aqueous phase. 322 
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Nomenclature 328 

C Concentration 329 

C1 Initial concentration 330 

C2 Final concentration 331 

Ce Equilibrium concentration 332 

kr Reaction rate constant 333 

k1 Oxidation reaction rate constant 334 

Kads Langmuir adsorption coefficient 335 

kg Light absorption rate constant 336 

Iavg Average intensity 337 

Imax Maximum intensity 338 

l Incident light intensity 339 

m Order of light intensity 340 

n Order of reaction 341 

nA Number of surface sites for MO 342 

r0 Initial reaction rate 343 

r Reaction rate 344 

t Time 345 

tdark Dark time 346 

tlight Light time 347 

ttotal Total time 348 

ΩA Surface fractional coverage by MO 349 
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h+ Hole concentration 350 

e- Electron concentration 351 

kt Electron transfer rate constant 352 

e-
cb  Conduction band electron 353 

h+
vb  Valence band holes 354 

Greek letters 355 

γ  Duty cycle 356 

φ  Quantum yield 357 

ζ Photonic efficiency 358 

Abbreviations 359 

MO Methyl orange 360 

CPI Controlled Periodic Illumination 361 

L-H Langmuir-Hinshelwood 362 

  363 
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Captions for Tables 426 

Table 1: Controlled experimental approach used in obtaining experimental 427 

data for quantum yield modelling. 428 

Table 2: Values of γ, tlight and tdark used for theoretical modelling of φ. 429 

Table 3: Experimental conditions for methyl orange photooxidation rate 430 

under controlled periodic illumination. 431 

 432 
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 434 
 435 
 436 
 437 

EXPERIMENT DEPENDENT 
VARIABLE 

INDEPENDENT 
VARIABLE 

CONTROLLED 
VARIABLE 

1 Photonic 
Efficiency tlight / tdark Period 

2 Photonic 
Efficiency tdark / Period tlight 

3 Photonic 
Efficiency tlight / Period tdark 

 438 
 439 
 440 

Table 1. 441 

 442 
 443 
 444 

 445 

Varying Period Varying tlight Varying tdark 

γ tlight (S) tdark (S) γ tlight (S) tdark (S) γ tlight (S) tdark (S) 

0.07 0.07 0.90 0.08 0.1 1.0 0.39 1.0 1.7 

0.12 0.12 0.86 0.21 0.3 1.0 0.44 1.0 1.4 

0.24 0.23 0.74 0.31 0.5 1.0 0.50 1.0 1.1 

0.36 0.35 0.62 0.39 0.7 1.0 0.59 1.0 0.7 

0.49 0.47 0.50 0.50 1.1 1.0 0.67 1.0 0.5 

0.61 0.59 0.38    0.77 1.0 0.3 

0.73 0.71 0.27    0.91 1.0 0.1 

0.85 0.83 0.15       

1.0 - -       

 446 

Table 2. 447 
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 449 
 450 
 451 
 452 
 453 
 454 

γ 
Iavg          

(Wm-2) 

r40     

(mMmin-1) 
n 

0.07 0.13 2.38E-05 0 

0.12 0.21 2.50E-05 0 

0.24 0.43 7.50E-05 0 

0.36 0.64 1.00E-04 0 

0.49 0.87 1.25E-04 0 

0.61 1.09 1.50E-04 1 

0.73 1.30 1.75E-04 1 

0.85 1.51 1.85E-04 1 

1.00 1.78 2.11E-04 1 

 455 

Table 3. 456 
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Captions for figures 458 

Figure 1: Correlation of modified L-H model data with experimental for 459 

methyl orange degradation rates at different γ. 460 

Figure 2: Decreasing duty cycle resulting in a corresponding rise in quantum 461 

yield and photonic efficiency. 462 

Figure 3: Contributing effect of tdark to quantum yield enhancement 463 

Figure 4: Contributing effect of tlight to quantum yield enhancement. 464 

Figure 5: Overall quantum yield trend as a function of duty cycle with 465 

experimental result graph as an insert. 466 
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Figure 1. 469 
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Figure 2. 471 
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Figure 3. 474 
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Figure 4. 476 
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Figure 5. 479 


	ABSTRACT
	KEYWORDS
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Acknowledgement
	Nomenclature
	References
	Captions for Tables
	Captions for figures

