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Abstract: TiO2 photochemistry studies generally address reactions of photogenerated 

charge-carriers at the oxide surface or the recombination reactions which control the 

proportion of charge carriers that reach the surface. By contrast, this review focuses on UV 

absorption, the first photochemical step in semiconductor photocatalysis. The influence of 

particle size on absorption and scattering of light by small TiO2 particles is summarized 

and the importance of considering, the particle size in the application, not the BET or  

X-ray line broadening size, is emphasized. Three different consequences of UV absorption 

are then considered. First, two commercially important systems, pigmented polymer films 

and paints, are used to show that TiO2 can protect from direct photochemical degradation. 

Then the effect of UV absorption on the measured photocatalytic degradation of aqueous 

solutions of organics is considered for two separate cases. Firstly, the consequences of UV 

absorption by TiO2 on the generation of hydroxyl radicals from H2O2 are considered in the 

context of the claimed synergy between H2O2 and TiO2. Secondly, the effect of altered UV 

absorption, caused by changed effective particle size of the catalyst, is demonstrated for 

photocatalysis of propan-2-ol oxidation and salicylic acid degradation. 

Keywords: UV; photocatalysis; photochemistry; semiconductor; TiO2; rutile; anatase; 

absorption; scattering; particle-size 
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1. Introduction 

Semiconductor photocatalysis by TiO2 has been widely studied for 50 years. Potential uses include 

destruction of bacteria [1], the oxidation of pollutants [2], e.g., dye residues [3], and removal of 

organic films from glass and polymer substrates [4]. However, early work emphasized undesirable 

aspects, e.g., photocatalytic degradation of TiO2 pigmented paint films [5] or textile fibres [6]. 

Commercial research to minimize TiO2 photocatalysis continues, but little is published in the open 

literature. Both objectives have driven research into the photocatalytic mechanism [7,8]. It is generally 

agreed that UV absorption excites an electron from the valence band to the conduction band of the 

semiconductor. The resulting excited electrons, in the otherwise empty conduction band, and the 

“positive holes” in the valence band allow charge transfer to the TiO2 surface which facilitates 

oxidation of surrounding molecules. Sometimes direct charge-transfer causes the oxidation [9]. 

Alternatively, hydroxyl radicals, formed by the “positive holes” in the valence band accepting 

electrons from hydroxyl ions, are the catalytically active intermediates [8,10]. 

The Grotthus-Draper Law, formulated in 1817 and rediscovered in 1841, has been stated as “Only 

radiations which are absorbed by the reacting system are effective in producing chemical change.” [11]. 

However, discussion of light absorption in semiconductor photocatalysis is generally restricted to 

extending absorption to longer wavelengths (to harvest a greater proportion of solar radiation) [12] and 

the possibility of photo-sensitizing reactions by exploiting electron transfer to the semiconductor from 

excited states of adsorbed dyes [13]. UV-photocatalytic papers mainly address topics such as the 

activity of new TiO2 preparations [14,15], the intermediates formed in specific reactions [16], the 

extent to which transition metals modify charge-carrier recombination [17,18], and whether specialized 

procedures such as the application of an electric field increase photocatalytic activity [19]. Often, 

potential changes in UV-absorption of the particle dispersion resulting from, e.g., the preparation  

of novel TiO2’s, or from supporting catalysts on inert supports or from inadvertently changing  

particle aggregation during surface modification or doping, are overlooked. Therefore this survey 

focuses on ways in which unconsidered aspects of UV-absorption may modify either undesirable or 

desirable photocatalysis. 

2. A Summary of Small Particle Optics (Where Diameter, d, Is Comparable with the Radiation 

Wavelength, λ) 

2.1. Background Theory 

The optical properties of particulate dispersions, unlike those of molecular solutions, depend on 

absorption and scattering. For particulate suspensions the well known extinction equation may be  

written as: 

log10(Io/It) = q.c.l = (qabs + qsca ) (1)

where c is the concentration of particles in suspension and l is the path length and q, the extinction 

coefficient, is the sum of the coefficients of scattering, qsca, and absorption, qabs. Scattering of radiation, 

of wavelength λ, by small particles, of diameter d (d/λ << 0.1), was analyzed by Rayleigh [20]. Later 

Mie’s treatment of scattering by larger spherical particles took into account interference between light 
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scattered from different points on the particle surface [21]. The difference between Rayleigh scattering 

and Mie scattering of 555 nm radiation by isolated, spherical, rutile particles is shown in Figure 1 (both 

theories describe optically dilute systems, i.e., neither treats interference between light scattered by 

different particles.)  

Figure 1. Rayleigh (▲, dashed line) and Mie scattering (◊ and ■, full lines) of 555 nm 

radiation by isolated rutile spheres as a function of particle diameter. The curves plotted 

through ▲ and ◊, points assume that all particles are of identical. The curve plotted 

through the ■ points assumes a log-normal distribution of particle size. 
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Figure 2. Variation of the real, ◊, and imaginary, ●, components of the refractive index of 

rutile between 275 and 400 nm based on results of Vos and Krusmeyer [22]. Above 400 nm 

the imaginary component, which controls light absorption, is negligible even though the 

real component is not. Pure rutile crystals are transparent in the visible region of the 

spectrum but can scatter visible radiation. 
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Mie showed that light scattering depends on both the ratio d/λ, and on the refractive index of the 

medium, mm, and the particle, mp. Refractive index is a complex quantity with real and imaginary 
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components and, as shown for rutile spheres, in Figure 2 both of these vary with wavelength. Light 

scattering is controlled by the real component; light absorption by particles is controlled by both real 

and imaginary components and (unlike absorption by molecules) also by particle size. It is often 

convenient to express both scattering and absorption on a unit-volume (or unit-mass) basis and typical 

results are shown in Figure 3a,b [23]. 

Figure 3. Mie theory calculations of (a) qsca, scattering and (b) qabs, absorption per unit 

volume for 20 nm, ×; 50 nm, Δ; 100 nm ■; and 220 nm ♦ rutile particles dispersed in  

an organic medium, plotted as a function of mean size for a log normal particle distribution 

with σ = 1.33. Reproduced with permission from Egerton & Tooley, International Journal 

of Cosmetic Science 2012, 34, 117–122 [23] published by Society of Cosmetic Sciences; 

Société Française de Cosmétologie and Blackwell Publishing. 
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Calculated scattering and absorption coefficients of a particulate suspension are shown in Figure 3a,b. 

The extinction coefficient may be calculated by simply summing the scattering and absorption 

coefficients. Inspection of these graphs shows that in an organic medium the percentage contributions 
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of absorption to the extinction coefficient of for mean sizes of 20, 50, 100 and 220 nm particles are 

94% (93%), 66% (63%), 53% (52%) and 49% (46%) at 310 nm and are 81% (50%), 30% (17%), 22% 

(14%) and 26% (30%) at 360 nm. The results in brackets are the results of earlier calculations published 

by Robb, Simpson and Tunstall [24] (the differences between the two sets are probably a consequence of 

small differences in the input refractive indices and the size-distributions in the two sets of 

calculations). Except for 20 nm particles at a wavelength of 360 nm the results of the two sets of 

calculations are in reasonable agreement. Both sets show that the contribution of absorption is greater 

at 310 than at 360 nm for all sizes in the range 20 to 220 nm, but even at 310 nm, the absorption 

contribution becomes progressively less important as the mean particle size is increased. For 220 nm 

particles, the size of a typical TiO2 pigment, scattering and absorption make approximately equal 

contributions to attenuation of 310 nm radiation but at 360 nm the most important contribution to 

attenuation is scattering. Because both the absorption and scattering are particle-size dependent 

absorption and scattering coefficients from, e.g., measurements on single crystals [25], on CVD  

films [26], or from study of different TiO2 particles [27] cannot be used to calculate the radiation flux 

in a photocatalytic study. 

2.2. Comparison of Theory and Experiment 

The variation in absorption and scattering coefficients with the ratio of d/λ is paralleled by changes 

in the angular distribution of the scattered light [28]. Consequently the experimental estimation of  

the amount of radiation absorbed by a particulate suspension is not straightforward. In a typical 

“optical-density” type transmission measurement, as used in most photocatalytic studies, the measured 

attenuation is the sum of the absorption and the variable fraction of light not incident on the detector 

because it is scattered out of the beam. A proper measure of the radiation absorbed by the TiO2 

requires the amount total amount of scattered light to be measured—by the use of an integrating  

sphere [23,29]. Figure 4 compares calculated (from the results in Figure 3a,b) and experimental 

coefficients for 50 nm rutile and shows how the experimental result changes as size (measured by  

x-ray sedimentation) varies from 35 to 145 nm [23]. A comparison with the absorption properties of 

sunscreen formulations has also been made [23]. Satuf et al. have used diffuse reflectance and 

transmittance spectrophotometric measurements of suspensions to derive curves for Aldrich TiO2, 

Degussa (now Evonik) P25 and Hombikat UV 100. At 310 and 360 nm the derived values of 

absorption coefficient are ca 3.1 and 4.6 × 104 cm2·g−1 respectively for P25 and 0.75 and 0.5 for 

Hombikat UV 100 [29]. When the scattering and absorption coefficients are known, they may be used 

to identify optimum catalyst loading for reactors of specified geometry and radiation input [30].  

Li Puma et al. have developed a 6-flux model, to estimate the flux throughout a photocatalytic reactor 

and have used their treatment to model the effect of catalyst loading on the overall volumetric rate of 

photon absorption, and hence on the effective quantum yield [31,32].  

Although conventional reflectance spectra on pressed discs of powder may usefully demonstrate the 

position of the absorption edge (or band-gap) [12], and confirm, for example, that anatase absorbs at 

shorter wavelengths (has a larger band-gap) than rutile, they do not effectively show differences in 

absorption at wavelengths shorter than the band gap by suspensions of particles. This is illustrated in 

Figure 5a which shows the very similar diffuse reflectance spectra of compacts of three rutile samples 
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with mean sizes of 35, 50 and 145 nm, and the size distributions shown in Figure 5b, whose extinction 

coefficients in suspension are shown in Figure 4. Even though there are large differences between the 

transmission spectra of suspensions of the three samples, the differences between the reflectance 

spectra are negligible. Little information about the optics of particle suspensions is contained in the 

reflectance spectra of discs made from powders from which the suspensions were prepared. 

Figure 4. Experimental extinction coefficients for 35 ■, 50 ▲ and 145 nm ● rutile 

particles and the calculated coefficients for 50 nm ∆, derived from Figure 3a,b. 
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Although conventional reflectance spectra on pressed discs of powder may usefully demonstrate the 

position of the absorption edge (or band-gap) [12], and confirm, for example, that anatase absorbs at 

shorter wavelengths (has a larger band-gap) than rutile, they do not effectively show differences in 

absorption at wavelengths shorter than the band gap by suspensions of particles. This is illustrated in 

Figure 5a which shows the very similar diffuse reflectance spectra of compacts of three rutile samples 

with mean sizes of 35, 50 and 145 nm, and the size distributions shown in Figure 5b, whose extinction 

coefficients in suspension are shown in Figure 4. Even though there are large differences between the 

transmission spectra of suspensions of the three samples, the differences between the reflectance 

spectra are negligible. Little information about the optics of particle suspensions is contained in the 

reflectance spectra of discs made from powders from which the suspensions were prepared. 

At least two factors contribute to the difference between the reflectance and transmission spectra. 

Firstly, the reflectance spectra depend on the ratio, K/S, of the absorption coefficients (K) and the 

scattering coefficient (S) of the powder. Since both of these depend on the ratio d/λ the effect of 

changes in particles-size, d, are minimized (by contrast, the transmission spectrum of Figure 4 depends 

on the sum of K and S). Secondly, because of interference effects, the scattering of particles is strongly 

influence by particle-particle distance, which is clearly quite different in dilute suspensions and 

pressed powder compacts [33]. 
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Figure 5. (a) The reflectance spectra (measured on a Jasco 670 spectrometer fitted with  

an integrating sphere) of pressed discs made from the three different rutile samples of mean 

size 35 ─; 50 ─ and 145 ─ whose suspension spectra are shown in Figure 4 and whose size 

distributions are shown in Figure 5b; (b) The particle-size distributions measured by X-ray 

size sedimentation (Brookhaven X-ray disc sedimentometer) of three rutile samples 

(reprinted with permission from Egerton & Tooley, International Journal of Cosmetic 

Science 2012, 34, 117–122 [23] published by Society of Cosmetic Sciences; Société 

Française de Cosmétologie and Blackwell Publishing). 
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2.3. The Major Problem Associated with the Calculation of Attenuation by Semi-Conductor Dispersions 

The previous sections have shown that scattering and absorption by TiO2 particles depends on their 

size in suspension. The size of the fundamental, or primary, particles may be measured by X-ray line 

broadening (if the particles are crystalline) or inferred from BET surface area measurements, using 

area gm−1, A = 6 d/ρ), and are usually in reasonable agreement (Figure 6) but it is rare for the TiO2 to 

exist as isolated primary particles in suspension.  
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Instead, as represented schematically by Figure 7 and, for the case of P25, by the transmission 

micrographs of Figure 6 of reference [34], the particles in typical photocatalytic suspensions are, if 

great care has been taken, aggregates, but more usually, weakly-bound agglomerates. (By agglomerates 

is meant a secondary particle composed of flocculated or coagulated particles which can be broken 

down by changes in such factors as suspension pH and mechanical forces. By Aggregate is meant  

a more strongly bound secondary particle—perhaps formed by sintering during the particle preparation 

process—and much less susceptible to mechanical disruption.) 

Figure 6. A comparison of published XRD sizes with the BET-derived sizes of (mainly) 

anatase samples identified from the publications listed in the caption to figure 15 of 

Egerton, T.A.; Tooley, I.R., Intl. J. Cosmetic Sci. 2014, 36, 195–206 [35]. The dashed line 

corresponds to S = 6 D/ρ. where S is the surface area, D the particle diameter and ρ the 

particle density. 
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Figure 7. Schematic representation of the aggregation and agglomeration of titanium 

dioxide nanoparticles. Primary particles may flocculate to form weakly bound agglomerates 

or sinter to form much stronger aggregates. Agglomerates may sinter to form more strongly 

bound aggregates. Agglomerates break down more easily than aggregates. 
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Since the gap between the primary particles is normally small in comparison with the radiation 

wavelength, the optical behaviour is controlled by the size of the aggregates or agglomerates in 

suspension as explicitly recognized by both Martin, Baltanas and Cassano [34] and by Egerton and  

Tooley [36]. If the pH is near the isoelectric point there is negligible particle-particle electrostatic 

repulsion but significant particle attraction because of TiO2’s high Hamaker constant. On the basis of 

electron microscopy Martin et al. concluded that “Any degree of stirring (be it mechanical agitation, 

pump recycling or gentle gas bubbling) produces an important change in the optical properties” [34]. 

However, because the primary particle size is relevant to calculations of adsorption and surface-coverage, 

and perhaps because the primary particle size is easier to measure, particle characterization continues 

to be mainly by surface area and XRD derived sizes. Therefore, it is appropriate to summarize some of 

the results which show that there is normally significant particle agglomeration in suspension, even at 

pH’s at which there is significant surface charge. 

Ridley and coworkers studied 0.15 g·dm−3 aqueous dispersions of a crystalline anatase (Ishihara 

ST-01) at a pH of 2.7, well below the p.z.c. of 6.85 [37]. The TEM size was 4.6 nm, the BET equivalent 

sphere diameter was 5.0 nm, and the XRD crystallite size was 7 nm. However, laser diffraction 

methods showed the dispersed particles to have a relatively small mode centred near 100 nm and to 

consist predominantly of microscale aggregates with a median diameter of 2329 nm (99.6% of the 

distribution volume was characterized by diameters greater than 400 nm). At this pH, ultrasonication 

did not significantly alter the measured size distribution. French and co-workers used dynamic light 

scattering (DLS) at a sample concentration of ~40 mg·dm−3 to show that 4–5 nm sol-gel derived 

anatase particles form stable agglomerates with an average diameter of 50–60 nm at pH ~ 4.5 in 

0.0045 M NaCl [38]. When the ionic strength was increased to 0.0165 M micron-sized agglomerates 

formed within 15 min. At all other pH values tested (5.8–8.2), micron-sized agglomerates formed in 

less than 5 min even at low ionic strength (0.0084–0.0099 M NaCl). DLS measurements were used by 

Lee et al. to show that in suspension particles with a TEM size below 100 nm, increased in size  

from ~100 to 500 nm as their concentration increased from 5 to 80 mg·dm−3 [39]. Egerton and Tooley 

compared XRD line-broadening and, BET equivalent sphere diameters with sizes measured by X-ray 

sedimentation and DLS of three surface-treated rutile samples [35]. In each case the DLS size was  

and 5–10 times larger than the XRD or BET sizes. The sedimentation size and DLS sizes were 

comparable. A comparison of XRD, BET, sedimentation and Laser measurements is shown in Table 1. 

The size-measurement results are, with hindsight, supported by two widely used experimental 

procedures—filtration of catalysts from reaction mixtures and the practice of stirring suspensions of 

photocatalysts to prevent sedimentation. If the particles were dispersed, it would be impossible to 

remove 20 nm particles of P25 catalyst particles from reaction mixtures by 0.1 μm Millipore filters, or 

by guard columns, as is commonly done prior to chromatographic analysis [3,36]. Also, since Stokes’ 

equation shows that primary particles would not sediment significantly over the time of a typical 

catalytic experiment, there would be no need of the common experimental practice of stirring 

suspensions of photocatalysts to prevent sedimentation [2,40]. Despite this problem, it is still both 

useful and important, to consider the effect of absorption when interpreting the results of 

photocatalytic experiments by dispersions of TiO2. The rest of this paper will give some examples of 

how this may be the case. 
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Table 1. A comparison of particle-sizes of nano-particulate TiO2 measured by X-ray line 

broadening or by nitrogen adsorption (BET) on the dry powders and by X-ray sedimentation 

and laser diffraction or laser scattering on aqueous dispersions of TiO2.  

Base Crystal &  

Surface-Treatment 

XRD 

Line 

Broadening 

Equivalent Sphere 

Diameter from BET 

Area 

Sedimentation 

Brookhaven 

Dynamic Light Scattering 

(DLS) or Laser Diffraction 

1. Ishihara ST-01 Anatase 

Untreated [37] 
7 5 - 

2329 Beckman Coulter LS-

230 Laser Diffraction 

2. Rutile-A silica-alumina [35] 15 12 91 ± 10 133 (DLS) 

3: Rutile-A Stearate [35] 15 23 53 ± 10 124 (DLS) 

4: Rutile-B Stearate [35] 9 48 160 ± 19 201 (DLS) 

3. The Need to Consider UV Absorption when Interpreting Photocatalytic Results 

3.1. Protection against Photodegradation of Organic Materials by Dispersed TiO2 

3.1.1. Photodegradation of Polyethylene Films 

Academic studies of photocatalysis usually select systems in which oxidative degradation is 

negligible in the absence of TiO2. However, many commercial systems—e.g., most polymers and 

paints are degraded by UV even when TiO2 is not present and Figure 8 shows the increasing infrared 

signature of the carbonyl oxidation products of an unpigmented polyethylene (PE) film exposed to UV 

for increasing times [41]. Ultimately the film is totally oxidized to carbon dioxide and water. 

Figure 8. The development of the infrared absorption characteristic of carbonyl oxidation 

products in an unpigmented polyethylene film as the UV exposure in QUV accelerated 

weathering equipment, fitted with UVA-340 tubes and operated at 40 °C, increases  

from 125 to 1348 h. (reprinted from Polymer Degradation and Stability. 2007, 92,  

2163–2172 [41] with permission). 
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If TiO2 is present, it has normally been added to opacify the product—e.g., to pigment a polythene 

film. Commercial pigments, often rutile because its higher refractive index, enhance opacity, and are 

frequently surface-treated, e.g., with an amorphous layer of hydrous silica and/or alumina and or/zirconia 

(see Figure 9) to minimize photocatalysis, and lengthen the lifetime of the product [5,42–46]. 

In polymers pigmented with a surface treated rutile, the absorption of UV by added TiO2 may 

reduce the photochemical oxidation and extend the life of the polymer and this is shown in Figure 10 

where the development of the carbonyl absorption in 100 μm thick films of low density polyethylene 

in unpigmented (PE-U1) and films prepared with different TiO2 pigments at a loading of 5 p.h.r. (parts 

per hundred resin by weight). For the anatase (PE-A1) and lightly coated rutile (PE-R1-1) films 

incorporation of pigment has increased the photodegradation—i.e., photocatalysis by the TiO2 is more 

important than any UV absorption by the pigment. For the remaining pigments (R3-1 and R4-1), in 

which photocatalysis has been suppressed by a heavier surface coating UV absorption, the absorption 

by UV dominates so that the total degradation is less than that of the unpigmented film. This reduction 

occurs even though the total path length is only 100 μm and at wavelengths greater than 250 nm the 

absorbance is less than 0.2 for the unpigmented film. Figure 10b shows that the same pattern is 

observed if total oxidation of the polymer to carbon dioxide is measured instead of the formation of the 

intermediate carbonyl groups [41]. A similar pattern is also observed in PVC for which Worsley et al. 

have noted that the activity of P25 is two orders of magnitude higher than that of a Al/Si/Zr coated 

rutile pigment [45]. 

Figure 9. Transmission electron micrographs showing (a) the uncoated TiO2 crystals and 

(b) surface treated (coated) TiO2 rutile pigment. The ZrO2/Al2O3 coating, with a thickness 

of 3–10 nm, shows as a less dense outline to the images (reprinted from J. Mater. Sci. 

2002, 37, 4901–4909 [47] with permission).  

  



Molecules 2014, 19 18203 

 

 

Figure 10. (a) The development of carbonyl absorption in unpigmented and pigmented 

polythene films (PE A-1, ■; PE R1-1, ▲, PE U-1, ●; PE R2-1, ♦; and PE R3-1, ▼ and PE 

R4-1, ┼. as a function of exposure in QUV accelerated weathering equipment. After 

recording each IR spectrum the disc was returned to the exposure unit for further UV 

exposure); (b) CO2 evolution from the photo-oxidation of the same films as used for the 

carbonyl development measurements in Figure 10a but exposed to irradiation from a xenon 

lamp [46]. 
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3.1.2. Photodegradation of Alkyd Paint Films 

Alkyd films, of the type used in oil-based paints, absorb more strongly between 300 and 400 nm 

(Figure 11a) than PE films, and the pigment volume fraction (p.v.c.) of TiO2 in an alkyd paint may be 

ten times that in a polymer film. The oxidative degradation of these paints to CO2 may be measured by 

monitoring their loss in weight when exposed to UV and Figure 11b shows results for a series of such 

paints exposed to UV in carbon-arc Marr weathering equipment [47]. For the uncoated rutile the 

weight-loss increases as the p.v.c. increases from 5% to 40%. The much lower weight loss from paints 

made with coated pigment confirms that the surface coating reduces the pigment photoactivity and 
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therefore has increased the relative importance of protective UV absorption. The decrease in weight 

loss as the p.v.c. of the coated pigments increases from 5% to 40% demonstrates that the protective 

role of TiO2 can also occur when the TiO2 loading is much higher than that in polymer films.  

Figure 11. (a) UV absorption of a 90 μm unpigmented alkyd film compared with the 

spectral distribution of the carbon arc lamps used in an “accelerated weathering test”. LH 

scale, arc lamp distribution; RH scale, Film Absorbance (reprinted from J. Mater. Sci. 2002, 

37, 4901–4909 [47] with permission); (b) The degradation (weight loss as a function of time 

exposed to radiation from carbon arcs) of paint films of long-oil soya alkyd opacified with 

either uncoated rutile (solid points) or coated rutile (empty points) by 40 (■,□), 25 (●○) and 5 

(♦ ◊) volume % pigment. 

250 300 350 400 450

0

20

40

60

80

100

Wavelength /nm

U
V

 ir
ra

di
an

ce
 (

ar
bi

tr
ar

y 
un

its
)

 UV source

0.0

0.5

1.0

1.5

2.0

2.5

A
lkyd

 a
b

sorb
a

n
ce

 Alkyd

 
(a) 

0

10

20

30

40

50

60

0 500 1000 1500 2000

Exposure Time/h

W
e

ig
h

t 
lo

s
s

/ 
g

 m
-2

 
(b) 

3.1.3. Disinfection by UV-C 

Dillert, Siemon and Bahnemann compared the disinfection of: (a) pre-treated municipal wastewater 

and (b) a model pollutant, E. coli. [48] by two different lamps, A and B. In the wavelength  
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ranges < 280 nm, 280–315 nm, and 315–400 nm the output of lamp A (Solidex glass envelope)  

was 5, 150 and 220 mEinstein·h−1 whilst that of B (Jena glass envelope) was 0.2, 18 and  

390 mEinstein·h−1, respectively. i.e., the short wavelength output of A was much greater than that  

of B. A summary of their results (Table 2) shows that although, without TiO2, both lamps disinfected, 

A, because of its higher UV-B and UV-C output, was more effective than B in both systems. However, 

addition of 5 g·dm−3 P25 TiO2 reduced the effectiveness of lamp A (disinfection times increased to 

more than 360 min. for waste-water and to more than 270 min. for E. coli) but greatly increased the 

effectiveness of lamp B for disinfection of E. coli and this was attributed to photocatalysis by the TiO2. 

By contrast with this increase, the effectiveness of lamp B for wastewater treatment was decreased. 

Dillert et al. attributed the significant reduction of the effectiveness of lamp A to the “shadowing 

effect” of the TiO2 particles. Their conclusion that photon absorption by TiO2 can reduce the number 

of photons available for direct photochemical not only demonstrates the importance of UV absorption 

in the photocatalytic treatment of practical systems, but also implies that this absorption may be more 

important with respect to some wavelengths (in this case short wavelengths) than for others. 

Table 2. A comparison, derived from the results of Dillert et al. of the disinfection 

achieved by two different UV lamps, A and B [48]. The results show the potential 

importance of UV absorption by TiO2 in reducing the disinfection rates in systems for 

which direct UV treatment is effective. 

Conditions 

Pre-Treated Wastewater E. coli 
Initial Number of Colony 

Forming Units (c.f.u.) 

C.f.u after 60 min 

Treatment 

Initial Number of Colony 

Forming Units (c.f.u.) 

C.f.u after 60 min 

Treatment 

Lamp A ~6 × 104 Not detectable 3 × 106 Not detectable 

Lamp A+TiO2 3 × 105 1.5 × 104 6 × 106 1 × 105 

Lamp B 1 × 104 2 × 102 ~8 × 106 ~6.5 × 105 

Lamp B+TiO2 3 × 104 6 × 103 ~8 × 106 1.5 × 101 

3.2. Reduced Photocatalytic Activity of Other Solution Species because of UV Absorption by  

Nano-Particulate TiO2 

UV-C photocatalysed dye-decolouration by hydrogen peroxide/anatase mixtures has been widely 

reported to be faster than photocatalytic decolouration by anatase alone. For Tropaeoline and Reactive 

Red the reaction rate is doubled [49,50]; for Safira HEXL anionic azo dye the rate is enhanced ×4.5, at 

pH 7, and ×9, at pH 5 [51]. For Acid Red 14 a 20 fold enhancement has been reported [52]. However 

results such as those shown in Figure 12, for the UV-C decolouration by anatase PC500 of the azo-dye 

Reactive Orange 16, suggest that the true picture is less simple [53]. Experiments with both 2 mM and 

20 mM H2O2 showed that although decolouration by UV-C+TiO2+H2O2 is faster than decolouration by 

UV-C+TiO2, it is slower than decolouration by UV-C+H2O2 in the absence of anatase. If the reaction 

is carried out in water TiO2 the rate is decreased to 45% of that H2O2 alone. In 0.1 M NaCl the 

reduction is by 43% and In 0.1 Na2SO4 the reduction is 64%. UV-C photolyses H2O2 to hydroxyl 

radicals with a quantum efficiency that can approach unity [54] but the quantum efficiencies for the 

TiO2-photocatalysed processes are << 5%. Therefore, the reduction in decolouration rate when TiO2 is 
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added to H2O2 shows that UV-C photon absorption by the TiO2 reduces the number of photons which 

would otherwise be available to efficiently photolyse H2O2.  

Figure 12. UV-C decolouration of 0.05 mM RO16 in the presence of TiO2 (● UV-C only: ▲  

2 g·dm−3 TiO2: ♦ 2 g·dm−3 TiO2, 20 mM H2O2: ◊ No TiO2, 20 mM H2O2). Reprinted from 

Egerton, T.A.; Purnama, H. Dyes Pigments 2014, 101, 280–285 [53] with permission. 
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3.3. Changes in UV Absorption Caused by Agglomeration or Flocculation Alter the Measured 

Photocatalytic Activity of Nano-Particles 

3.3.1. Predicted Change in Photocatalytic Activity Resulting from an Increase in UV Absorption 

As stressed in Section 2.3, because of flocculation/agglomeration the effective size of TiO2 particles 

in suspension is larger than that of their constituent primary particles. As illustrated by the large 

flocculate sizes measured by DLS and other optical techniques (Table 1), it is the size of the secondary 

particles that control the optics (because UV photons have a much larger wavelength, ~300 nm, than 

the spaces between the primary particles (10–20 nm). However, because charge transfer between 

primary particles is limited, the charge-carrier recombination, unlike the optical behaviour, is limited 

mainly by the size of primary particles. Consequently, changes in the degree of particle agglomeration, 

such as brought about by milling, should change the measured photocatalytic activity. 

The absorption curves of Figure 3b demonstrate that UV-A absorption increases significantly as 

rutile particle size is decreased from 200 to 100 nm. Assuming that the reactor geometry is such that all 

the UV is absorbed, the effect of increased absorption is that the same amount of UV is absorbed in  

a shorter path-length—by fewer primary particles, as illustrated by Figure 13. 

The effect of this difference in absorption may now be considered. In a suspension each primary 

particles acts as micro-reactor and the flux of incident photons is usually sufficiently large for 

recombination kinetics to dominate, i.e., the rate is proportional to the square root of incident  

intensity [8,29,55–57]. 
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Figure 13. A schematic depiction of the effects of increased UV absorption associated with 

improved dispersion of TiO2 particles. The second and third rows represent changes in the 

transmission spectrum and the attenuation of the incident UV beam as the particle 

dispersion is altered in the way depicted in the top row. 

 

Then, if all of the P incident photons are absorbed by n of the more weakly absorbing 200 nm 

particles, generating P/n electron-hole pairs in each, the observed rate, R200, is proportional to the 

product of the number of micro-reactors and the rate in each of them: 

R200 = k × n × (P/n)0.5 = k × P0.5n0.5 (2)

If the 100 nm particles absorb twice as strongly as the 200 nm particles all of the photons  

will be absorbed in only n/2 particles and the number of electron-hole pairs in each of these will  

be P/(n/2) = 2P/n. This leads to an observed rate, R100, given by: 

R100 = k × n/2 × (2P/n)0.5 = k × P0.5n0.52−0.5 (3)

The effect of the increased absorption has been to decrease the measured rate because 

recombination has meant that absorption in fewer particles is not compensated by the increased 

number of electron-hole pairs that are generated in each. Thus, on the basis of the optics alone more 

strongly absorbing particles are predicted to be less active than less strongly absorbing, larger particles. 

3.3.2. Effect of Milling on Photocatalytic Activity for Propan-2-ol Oxidation 

The conclusion that improving catalyst dispersion, and decreasing the mean size of the agglomerated 

particles, reduces measured photocatalytic activity has been demonstrated for propan-2-ol oxidation 

using a high area rutile, 140 m2·g−1, with a line broadening size of 7–10 nm [36]. X-ray disc 
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sedimentation measurements demonstrated that despite the XRD size of 7–10 nm the particle size of 

unmilled particles in suspension was greater than 40 nm and that vigorous milling was unable to 

reduce the size below 20 nm. The optical changes measured from 300 to 700 nm on diluted 

suspensions prepared by small-scale sand milling (probably less vigorous than used for the  

size-measurements) for increasing times are shown in Figure 14a. The significant turbidity between 

400 and 700 nm is due to scattering and confirms that many particles must be of the order of 100 nm or 

more. The decrease in the turbidity at, e.g., 550 nm indicates that some of these large particles are 

broken down as milling times increase from 15 to 30 minutes. Correspondingly, the absorption  

below 400 nm increases as the milling time is extended. The effect of these changes in particle size are 

shown in Figure 14b. Similar results, a halving of the measured activity, have been measured for  

a rutile with a much larger primary particle size; ~200 nm by TEM and a surface area of 8 m2·g−1.  

A decrease in activity with milling has also been measured for P25 (Millenium), 10 m2·g−1 anatase 

(Huntsman), a low area rutile (Huntsman) surface treated with rutile, a 76 m2·g−1 anatase (Tayca) and 

high area rutile doped with iron [40].  

Figure 14. (a) Optical transmission curves measured on (A) unmilled 140 m2·g−1 rutile, 

and the same rutile milled for (B) 7.5 minute, (C) 15 minutes and (E) 30 minutes. Curve D 

was measured on a 15-minute milled and diluted sample that had been left to stand for the 

duration of a typical oxidation experiment prior to making the measurement; (b) The time 

dependence of propanone formation during the photocatalytic oxidation of propan-2-ol by 

the same 140 m2·g−1 rutile before sand-milling ●, and after milling for 7.5 ■, 15 ▲ and 30 ×, 

minutes. Reprinted from Egerton & Tooley, J. Phys. Chem. B 2004, 108, 5066–5072 [36] 

with permission. 
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Figure 14. Cont. 

 
(b) 

3.3.3. Effect of Milling on Photocatalytic Degradation of Salicylic Acid 

Propan-2-ol oxidation is believed to proceed by a hydroxyl radical mechanism and so the effect  

of milling on the photocatalytic degradation a reaction of salicylic acid has been investigated. 

(Preliminary experiments using neutral density filters confirmed the rate of this reaction varied as the 

square root of the UV intensity.) Once again, milling decreased the rate of reaction, as shown in  

Figure 15 [40]. 

Figure 15. The effect increasing milling times on the first order rate constant for the 

degradation by high area rutile of 0.36 mM salicylic acid at pH 4. Reprinted from  

J. Photochem. Photobiol. A 2010, 216, 268–274 [40] with permission. 

 

3.3.4. Effect of Milling on Photocatalytic Degradation of Dichloroacetic Acid 

The UV attenuation of suspensions of TiO2 in dichloroacetate increased with milling, as with 

propanol and salicylic acid. However, the rate of dichloroacetate degradation increased linearly with 
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UV intensity, unlike the I0.5 dependency of rate found for propan-2-ol oxidation and salicylic acid 

degradation. Therefore the conclusion of Section 3.3.1, that more strongly UV-absorbing particles 

should be less active, is not necessarily valid for this system. The results shown in Figure 16 show that 

the photocatalytic activity for dichloroacetic acid degradation at pH 3 did not decrease as the catalyst 

suspension was milled. Therefore increased UV absorption by individual crystal should compensate 

for the reduction in the number of micro-reactors. For P25 rate was independent of milling time and 

for high area rutile of the rate actually increased [40]. 

Figure 16. Effect of milling time on the DCA oxidation rate by a high area rutile ♦ and by 

P25 ■. Reprinted from J. Photochem. Photobiol. A 2010, 216, 268–274 [40] with permission. 

 

4. Conclusions and Implications 

UV absorption should be considered explicitly when considering TiO2 photocatalysis, because, in 

broad-band semiconductors, UV absorption initiates charge-carrier generation Despite many problems 

in their application, theories of light scattering and absorption have been of practical use in the design 

of inorganic UV–blocks for cosmetics and of opacifying pigments for paints. Both scattering and 

absorption depend on TiO2 particle size. However, the size that is relevant to photocatalysis in aqueous 

dispersions of TiO2 is not the size inferred from X-ray line-broadening or from surface area measurements. 

This is because these methods measure the size of primary particles, but particles in suspension are 

almost always aggregates or agglomerates of primary particles. It is the aggregated or agglomerated 

particles that control the optics. 

The protection of commercial pigmented products such as polymers or paints, from UV is one 

demonstration of the practical significance of UV absorption by TiO2. Degradation is reduced because 

the reduction in the number of active photons is more important than the residual photocatalysis of 

surface-treated TiO2. Even for photocatalytic grades of TiO2, UV absorption reduces the number of 

active photons and can negate the benefits that have been claimed to result from the addition of 

photochemically active species to TiO2 suspensions. E.g., TiO2 can reduce the decolouration of dye 

residues by H2O2. Such effects should be explicitly considered in studies of hoped-for synergy. 
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Increased absorption by TiO2 particles may decrease measured photocatalytic rates. This is because 

charge-carrier recombination within particles may lead to the absorption of n photons by one 

photocatalyst particle being less effective than the absorption of 1 photon by each of n particles. 

Therefore, milling of photocatalysts to improve photocatalytic dispersion may reduce the measured 

rate of photocatalysis—as shown for the degradation of propanol, and salicylic acid. By contrast, 

milling does not decrease the measured rate of photocatalytic degradation of dichloroacetate; the 

difference is attributed to the fact that this reaction does not have an I0.5 dependence on the intensity, I, 

of the incident UV.  

For reactions that do have an I0.5 intensity dependence, the effects of changes in dispersion may 

need to be considered. Sometimes, as when catalysts are immobilized on papers or fibres, these 

dispersion changes are deliberately induced. In many more cases they are overlooked, e.g., (i) if 

particles produced by a new synthetic route have a different degree of aggregation; or (ii) if deliberate 

changes in suspension pH alter surface potential and therefore flocculation; or (iii) if heat-treatment 

during doping increases aggregation. However, all such changes in particle dispersion may change the 

measured photocatalytic activity for reasons that are purely a consequence of the changed optics and 

suitable control experiments should be used.  
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