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Modelling the kinetics of stearic acid destruction on TiO2 ‘self-cleaning’ 
photocatalytic films 
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A B S T R A C T   

The kinetics of stearic acid, SA, removal by photocatalytic films are modelled using a log-normal distribution in 
surface reactivity, which shows that as the distribution in reactivity, ρ, increases, so too does the apparent order 
of reaction, m, of the observed variation in SA concentration, [SA], versus irradiation time, t. The model is used 
to fit the observed [SA] vs. t profiles exhibited by three very different TiO2 films, namely Activ™ self-cleaning 
glass, and prepared sol-gel TiO2 and P25 TiO2 films. These films show decay kinetics, with m = 0.3, 0.44 and 
0.6, respectively, which fit the model predicted decay profiles with distribution width, ρ, values, 0.4, 0.54 and 
0.7, respectively. A Ag photocatalyst indicator ink is used on these films to highlight the non-uniform distribution 
in surface reactivity on the micron scale. The use of the log-normal model to better understand the kinetics 
exhibited by photocatalytic films is discussed briefly.   

1. Introduction 

Many different commercial photocatalytic products have been 
developed over the years, including self-cleaning concrete [1], plastic 
tent/awning/curtain materials [2,3], tiles [4], paint [5] and glass 
[6–10] and in all cases the photocatalyst is anatase TiO2. The biggest and 
most well-established of these commercial products is self-cleaning glass 
which has prompted the development of a standard, BS EN 1096–5: 
2016, for identifying if a glass sample is self-cleaning or not, based on 
the measurement of the haze of a purposely soiled piece of glass under 
test, before and after irradiation [11]. A key component of the coating 
solution, used to produce the initial haze on the glass sample under test, 
is stearic acid, SA, possibly because it is one of the most common satu-
rated fatty acids found in nature [12]. The overall photocatalysed 
oxidation of stearic acid, by ambient O2, can be summarised as follows, 

CH3(CH2)16CO2H + 26O2 ̅̅̅̅ →
photocatalyst

hv≥ Ebg
18CO2 + 18H2O (1) 

where Ebg is the bandgap energy of the photocatalyst, which is ca. 
3.2 eV for anatase TiO2. 

Not surprisingly, the above reaction is one of the most common used 
to demonstrate the self-cleaning action of new photocatalytic films 
[13–27]. Usually, the SA is deposited as a layer on top of the photo-
catalytic film and, for such an arrangement, the observed kinetics are 

often reported as zero-order, as illustrated in Fig. 1 by the plot of 
[SA]t/[SA]o vs. irradiation time, t, for a sol-gel TiO2 film [16], where 
[SA]t and [SA]o are the concentrations of SA at UV irradiation times t 
and 0, respectively. The zero-order kinetics often reported for this sys-
tem is usually rationalised by assuming that, (i) all the photocatalytic 
sites are occupied by a SA molecule, (ii) the rate determining step is the 
initial oxidation of SA (i.e., there are no long-lived intermediates) and 
(iii) all the photocatalytic sites are equally reactive. 

Interestingly, in most of the studies where zero-order kinetics have 
been claimed for reaction (1), either the whole decay curve has not been 
reported/recorded, as in Fig. 1 [16], or the error bars are sufficiently 
large, that an order of reaction, m, with respect to [SA]t, that is slightly 
greater than zero, i.e. m = 0.3 say, cannot be ruled out. Certainly, there 
are some cases where m >> 0. For example, in the study of the 
destruction of Langmuir-Blodget (LB) films of SA on a sol-gel anatase 
TiO2 films reported by Sawunyama et al. [17], the kinetics of reaction 
(1) appear first order, i.e. m = 1, as illustrated by the results in Fig. 2. 
Also illustrated in Fig. 2 are low resolution AFM images of the SA film 
before and after 10 min irradiation which reveal that, after 10 min UV 
irradiation, the surface had roughened markedly due to the presence of 
residual patches of SA; patches, which were then removed upon further 
UV irradiation [17]. 

The first order kinetics for reaction (1) exhibited by these LB SA layer 
covered sol-gel TiO2 films were attributed by the authors to the existence 
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of regions of different photocatalytic activity [17]. The results from 
other work carried out by the same group, on the photocatalytic 
destruction by a sol-gel film of TiO2 of partial monolayers of SA, which 
form connected islands of SA, also suggest that the observed ‘surface 
inhomogeneous reactivity patterns’ is due to a ‘distribution of the re-
action centres’ [28]. Indeed, upon reflection, it appears likely that most 
photocatalytic films will exhibit some degree of heterogeneity in terms 
of surface reactivity and that this may manifest itself in the form of an 
observed value of m for reaction (1) that is > 0. This distribution may be 
due to one or more different surface features which are likely to affect 
the kinetics, including crystal phase, crystallite size, exposed crystal 
planes, particle size, number and type of particle-particle junctions and 
surface morphology and topography. 

In this paper, a simple, general model of such a kinetic system, based 
on a log-normal distribution of reactivity [29], is developed and used to 
fit the observed kinetics for reaction (1) exhibited by three very different 
TiO2 films, namely, a (i) commercial self-cleaning glass, Activ™ (ii) a 
sol-gel TiO2 film annealed at 700 ◦C, and (iii) a P25 TiO2 powder-based 
TiO2 film. 

2. Experimental 

2.1. Materials 

Unless stated otherwise, all chemicals were purchased from Merck 
and used as received. The 1 mm thick, 25 mm diameter quartz discs 
were purchased from Newcastle Optical Engineering (Newcastle Optical 
Engineering Limited, Wallsend, England). Samples of the commercial 
self-cleaning glass Activ™ (Pilkington, Lancashire, England) used in this 
work were purchased from a local glazier (Harrison’s Glass & Glazing, 
Belfast, Northern Ireland). The Aeroxide® P25 TiO2 was purchased from 
Evonik [30]. 

2.2. Methods 

2.2.1. TiO2 film preparation, initial characterisation and SA deposition 
All TiO2 sol-gel films used in this work were prepared from a paste of 

TiO2 nanoparticles, using a method which is described in detail 

elsewhere [14,31]. Briefly, 4.65 g of glacial acetic acid were added to 
20 mL of titanium(IV) isopropoxide, followed by 120 mL of doubly 
distilled, deionised water (< 0.1 μS cm-1), containing 1.08 g of nitric 
acid. The resulting dispersion was then autoclaved at 220 ◦C for 12 h, 
the TiO2 particles re-dispersed using an ultrasonic probe (Lucas Dawe 
Ultrasonics, Soniprobe, London, England) and the dispersion then rotary 
evaporated until the solution had a weight percent of TiO2 of 10–12%, 
whereupon 50 wt% of polyethylene glycol was added to produce a final 
white, mayonnaise-like paste, which was stored in the fridge for use as 
required. 

The sol-gel paste was initially diluted 1:4 (v/v) in 1 M HNO3 and left 
stirring for 10 min prior to use. A typical sol-gel TiO2 film was prepared 
by spin-coating ca. 0.3 mL of the diluted paste onto a quartz disc at 
4000 rpm for 60 s (Specialty Coating Systems, G3–8 Spincoat, Indian-
apolis, USA). After spin-coating, the paste film was annealed at 700 ◦C 
for 1 h using a ramp rate of 1 ◦C min-1. For brevity, this sol-gel TiO2 film 
annealed at 700 ◦C for 1 h, on a quartz disc, is referred throughout as the 
sol-gel TiO2 (700 ◦C) film. 

The UV/Vis spectrum of the sol-gel TiO2 (700 ◦C) is illustrated in 
Fig. S1 of the electronic Supplementary Section (ESI) folder, along with 
the emission spectrum of the UVC lamp (Fig. S2, ESI). The former 
spectrum shows that the film is largely clear, i.e. non-scattering, as 
indicated by the low (ca. 0.1) absorbance at 450 nm, and absorbs most 
(95%) of the incident UVC irradiation given ats absorbance at 254 nm is 
ca. 1.26. 

In a previous study carried out by this group the same sol-gel TiO2 
(700 oC) film, annealed at 700 oC, was characterised using, (i) powder 
XRD (pXRD) and found to be mostly anatase, the transition to rutile 
occurring at T > 740 oC and (ii) porosity measurements, which showed 
it to be porous (48%) [31]. The mainly anatase nature of the film used in 
this work was confirmed by recording the pXRD patterns of the sol-gel 
TiO2 film annealed at 700 oC for 1 h, the results for which are illus-
trated in Fig. S3(a) of the ESI, from which a value of xA of 0.96, was 
determined [32]. 

The N2 adsorption and desorption profile of the sol-gel TiO2 (700 oC) 
film was recorded at 77 K and the results are illustrated in Fig. S4(a) of 
the ESI. Brunauer-Emmett-Teller, BET, analysis of these results provided 
a specific surface area value of 40.6 m2 g-1. The hysteresis revealed by 

Fig. 1. Plot of the ratio of the concentrations of SA at irradiation times t and 0, i.e. [SA]t and [SA]o, respectively, as a function of irradiation time, t, based on the 
results arising from a previous study on a sol-gel TiO2 film [16]. Thus, this plot was constructed using the integrated absorbance (from 2700 to 3000 cm-1) vs 
irradiation time decay plot data reported for this system by Paz et al. in Fig. 4 of [16]. 
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these curves suggests the powder is mesoporous, which was confirmed 
by the analysis of the data using the Barrett− Joyner− Halenda (BJH) 
model that generated values of 0.21 cm3 g-1 and 19.5 nm for the pore 
volume and pore diameter, respectively. 

The P25 TiO2 film on quartz disc, hereafter referred to as the P25 
TiO2 film, was prepared by depositing ca. 0.3 mL of a 5% (w/v) aqueous 
slurry of Degussa P25 TiO2 onto a quartz disc spun at 2900 rpm for 30 s, 
followed by oven drying at 80 oC for 1 h. 

The UV/vis absorbance spectrum of the P25 TiO2 film is illustrated in 
Fig. S1 of the ESI folder and shows that the film is, like the sol-gel TiO2 
(700 ◦C) film, clear and absorbs most (73%) of the incident UVC irra-
diation given ats absorbance at 254 nm is ca. 0.57. 

The pXRD pattern was recorded for the P25 TiO2 powder used to 
make the P25 TiO2 film and is illustrated in Fig. S3(b) in the ESI, from 
which the value of xA was determined to be 0.86, which is similar to a 
sample reported by Ohtani et al. (i.e. 0.85:0.15 anatase:rutile ratio) re-
ported for P25 [33]. 

The N2 adsorption and desorption profiles of the P25 TiO2 powder 
were recorded and the results are illustrated in Fig. S3(b) of the ESI. 
Brunauer-Emmett-Teller, BET, analysis of these results generated a 
value for the specific surface area (SA) of 56.3 m2 g-1. The small degree 
of hysteresis revealed by the curves in Figure S 4(b) in the ESI suggest 
the powder has some mesoporosity, which was confirmed by the anal-
ysis of the data using the BJH model, which generated values of ca. 
0.146 cm3 g-1 and ca. 11.6 nm for the pore volume and pore diameter, 
respectively. These values are similar to those reported for P25 by 
others, with BET-determined values for the SA, pore volume and pore 
diameter of 55 m2 g-1, 0.21 cm3 g-1 and 19 nm, respectively [34]. Pre-
sumably, this low level of mesoporosity due to that of the hard to break 
down clusters of nanoparticulate particles that P25 tends to form [35]. 

Note that N2 adsorption BET method is not usually considered suit-
able for measuring macroporosity, i.e. pore diameter > 50 nm, because 
the macropores are so big, as compared to the adsorbed layers, that there 
no difference between macropore adsorption and the open surface 
adsorption, so that it produces no hysteresis in the adsorption- 
desorption curves, as [36]. 

In all cases a thin layer of stearic acid was deposited on top of the 
TiO2 film under test by pipetting 100 μL of a 0.1 M SA in chloroform 
solution onto the TiO2 film which was already spinning (3000 rpm) and 
allowing it to spin for a further 30 s to ensure all the chloroform had 
evaporated. Note, in the above work and elsewhere, the spin speed 

employed was based on the viscosity of the solution and the desired film 
thickness. Thus, for example, a higher spin speed was used to deposit the 
viscous sol-gel paste during the preparation of the sol-gel film, than to 
deposit the aqueous P25 TiO2 dispersion in the preparation of that film. 

A scanning electron micrograph, SEM, of the sol-gel TiO2 (700 ◦C) 
film, with a SA deposited top layer deposited as described above is 
illustrated in Fig. 3(a) and reveals a SA film that is ca. 142 nm thick and 
a TiO2 film comprised of particles that are ca. 70 nm in diameter. 

The size of the dark voids between the particles, illustrated by the 
SEM of the sol-gel TiO2 (700 ◦C) film in Fig. 3(b), appear to be < 50 nm. 
Similarly, the SEM of the typical SA/P25 TiO2 film used in this work is 
illustrated in Fig. 3(c) and shows a SA film ca. 148 nm thick and a TiO2 
film comprised of aggregated particles, typically ca. 100 nm in size with 
a TiO2 thickness ca. 135 nm. In this case, the voids between the parti-
cles, shown in Fig. 3(d), appear to be typically ca. 110 nm. The SEM was 
recorded using an FEI Quanta FEG - Environmental SEM Oxford Ex-ACT 
(FEI, Oregon, USA). 

2.2.2. Dye adsorption and roughness factor 
The ratio of the real surface area of a TiO2 sample, as compared to its 

macroscopic (i.e. geometric) surface area is called the roughness factor, 
Rf, and for porous materials, especially meso- and macro-porous, Rf > 1, 
the thicker and more porous the film the greater the value of Rf [37,38]. 
For metal oxides the value of Rf can be measured for a film by exposing it 
to an acidic aqueous solution of the anionic dye acid orange 7 (AO7), 
whereupon it forms a monolayer with the protonated surface of the 
TiO2. The amount of dye adsorbed can be then determined by desorbing 
the dye under alkali conditions and measuring the desorbed dye con-
centration using UV/Vis spectrophotometry [37,38]. Further experi-
mental details related to this method are given in section S4 in the ESI, 
along with a schematic illustration of the process, Fig. S5. 

In this work, the above method was used to determine the values of 
Rf for the three films, namely Activ™, sol-gel TiO2 (700 ◦C) and P25 
TiO2 films and the results of this work, i.e. spectra of the desorbed dye 
solutions, Fig. S6, and a final Table of results (Table S1), are given in 
section S2 in the ESI. From this work Rf values of 0.9, 1.6 and 3.0 were 
calculated for the Activ™, sol-gel TiO2 (700 ◦C) and P25 TiO2 films, 
respectively, each with an error of ca. ± 0.1. The Rf value for Activ™ of 
0.9, reflects the fact that the TiO2 film on Activ™ is relatively smooth 
and non-porous. In contrast, the calculated Rf values for the sol-gel TiO2 
(700 ◦C) and P25 TiO2 films of 1.6 and 3.0, respectively, indicate that 

Fig. 2. Plot of [SA]t/[SA]o vs t profile for a 5 layer 
(12.5 nm thick) LB film of SA on a sol-gel film of anatase 
TiO2, with insert AFM images of an 8 µm square part of the 
SA film before (left image) and after 10 min (right image) 
UVA radiation (365 nm, 0.5 mW cm-2). This [SA]t/[SA]o vs 
t plot was constructed using the FTIR absorbance (at 
2922.8 cm-1), A2922, vs irradiation time decay plot data 
reported for this system by Sawunyama et al. in Fig. 2 of 
[17]. Note this assumes that [SA]t is proportional to A2922 
as well as the more usual integrated absorbance (from 2700 
to 3000 cm-1). 
The AFM images are adapted with permission from [17]. 
Copyright (1997) American Chemical Society.   
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both are rougher and probably porous. 

2.2.3. Profilometry 
Another measure of the roughness of the photocatalytic films is the 

average difference between peaks and valleys, Ra, as measured using a 
profilometer. A description of the method and instrumentation used, 
along with the results of this work are given in section S5 of the ESI. This 
work revealed Ra values of 23, 26 and 105 nm for the Activ™, sol-gel 
TiO2 (700 ◦C) and P25 TiO2 films, respectively. Not surprisingly, the 
‘roughness’ of the Activ™ mostly reflects that of the supporting plain 
glass substrate, Ra = 19 nm. In contrast, the Ra values measured for the 
sol-gel TiO2 (700 ◦C) and P25 TiO2 films, reflect the roughness of the 
TiO2 films, since the measured Ra value of the quartz glass supporting 
substrate is only ca. 5 nm. Interestingly, but perhaps not too surpris-
ingly, the ratio of the normalised Ra values, for the Activ™, sol-gel TiO2 
(700 ◦C) and P25 TiO2 films, i.e. 1: 1.1: 4.6, respectively, are not too 
dissimilar to those of the Rf values, i.e. 1: 1.8: 3.3, reported earlierand 
determined using the dye -adsorption method described in Section 2.2.2. 

2.2.4. UV Irradiations 
Unless stated otherwise, all UV irradiations were performed using a 

Blak-Ray® XX-15BLB UV bench lamp (Cole-Parmer, Saint Neots, En-
gland), fitted with two 15 W UVC bulbs (254 nm, UVBrite® UVC-T8/ 
15 W) (UVBrite®, Leicestershire, UK) which provided an incident irra-
diance of 2 mW cm-2. The irradiance was measured using a UV power 
meter (Analytikjena, UVP UVX Radiometer, Jena, Germany), fitted with 
a UVC sensor (Analytikjena, UVP UVX-25, Jena, Germany). 

UVC irradiation was used in this work so that all the decay profiles 
could be recorded in minutes or hours, rather than days, since UVC is not 
absorbed by SA but is strongly absorbed by TiO2; the absorption 

coefficient of TiO2 at 254 nm = 5.1 × 105 cm-1, whereas it is ca. 10 x’s 
less at 365 nm [39]. Thus, even for the thinnest, i.e. ca. 15 nm, and so 
least absorbing (fraction of UVC absorbed ca. 53%) of the TiO2 films 
studied in this work, i.e. Activ™, the resulting SA decay profile due to 
reaction (1) could be easily recorded in a day. However, as we shall see, 
there is no fundamental reason why the log-normal model developed 
here cannot be used to interpret the kinetics of decay of reaction (1), if 
UVA is used instead of UVC, vide infra. 

2.2.5. The Ag paii preparation 
The Ag photocatalyst activity indicator ink, i.e. Ag paii, was prepared 

using a previously described method [40], which is similar to that used 
to make the resazurin based paii [41–43]. Briefly, 10 g of a 7.5 wt% 
aqueous solution of poly(vinyl alcohol), i.e. PVA, average molecular 
weight 146,000–186,000 g mol-1, were mixed with 1 g glycerol and 
150 mg AgNO3 and then stirred at room temperature for 20 min. The 
colourless, clear, slightly viscous ink was stored in the fridge until 
required and then stirred at room temperature for 30 min before 
application. The ink was applied using a doctor blade technique, in 
which 2 strips of Scotch® Magic™ tape (3 M, Minnesota, USA) were 
placed either side of the glass substrate to be coated. A few drops of the 
ink (ca. 100 μL) were then pipetted at the top of the tape ‘trough’ and 
drawn down using a glass rod. The product was a uniform 60 µm wet 
film of the ink, which dried in air to form a film ca. 9 µm thick. All Ag paii 
ink film irradiations were carried out using UVA radiation generated by 
two, 15 W 352 nm black light blue lamps (2 mW cm-2). UVA was used in 
this work, rather than UVC, since the latter is absorbed by the Ag paii, 
causing the film to rapidly change colour even in the absence of a 
photocatalytic film, whereas the former is not. 

Fig. 3. (a) SEM of a typical deposited SA layer on the sol-gel TiO2 (700 ◦C) film (109 nm thick) revealing a SA layer thickness of ca. 142 nm and a TiO2 particle size 
of ca. 70 nm. (b) Top view of the sol-gel film showing dark voids of ca. 47 nm. (c) SEM of a typical deposited SA layer on the P25 TiO2 film (135 nm thick, as 
measured by SEM), revealing a SA layer thickness of ca. 148 nm and a TiO2 particle size of ca. 50–60 nm. (d) Top view of the P25 TiO2 film showing dark voids of 
ca. 110 nm. 
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2.2.6. Other methods 
All FTIR spectra were recorded using a Spectrum One FTIR (Perki-

nElmer, Massachusetts, USA). UV/Vis absorption spectra were recorded 
using a Cary 50 spectrophotometer (Agilent Technologies, California, 
USA). Optical microscopy was carried out using an Olympus Trinocular 
Microscope, SZ6045TR (Tokyo, Japan), fitted with a Kiralux 8.9 MP 
colour CMOS camera, CS895CU (ThorLabs, New Jersey, USA). 

3. The log-normal kinetic model 

As noted earlier, in most studies of reaction (1) using photocatalytic 
films it is assumed that all the surface sites exhibit the same reactivity. 
However, given that the activity of the surface site is likely to depend 
upon crystal phase, crystallite size, exposed crystal plane, and that the 
overall measured rate will also depend particle size, number and type of 
particle-particle junctions and surface morphology, it seems more likely 
that this assumption would describe the exception rather than the rule. 
Consequently, it appears more realistic to expect most photocatalytic 
films to comprise an array of surface sites with different reactivities and 
so exhibit decay kinetics that reflect a distribution of reactivities, as 
suggested by others [17,28]. 

In developing a model of the kinetics for reaction (1) that would 
reflect this situation with regard to reaction (1) mediated by photo-
catalytic films, it is useful to consider the simplest and most commonly 
studied system, namely, one in which the SA forms a thick, i.e. multi-
layer, film of SA that covers all the photocatalytic surface sites, as 
illustrated by the schematic in Fig. S8 in the ESI. 

As noted earlier, in this system each site would be expected to 
degrade SA with zero order kinetics, i.e.,  

[SA]s,t = [SA]s,o - kt, for 0 ≤ t ≤ [SA]s,o/k                                          (2) 

where [SA]s,t and [SA]s,o are the concentrations of SA at the reaction 
site at irradiations times, t and 0, respectively, and k is the zero-order 
rate constant for SA destruction at that site, which also depends upon 
the amount of incident ultra-bandgap irradiation absorbed by the site, 
and so the site absorbance. 

If all sites have the same reactivity, i.e. same value of k, then the 
kinetics of SA destruction will appear zero-order, as has been reported 
for some TiO2 films, although usually based on a limited set of decay 
data [16,44]. However, if, instead, the photocatalytic surface comprises 

a distribution of reactivities, it appears likely that this would affect the 
observed decay in the total SA concentration, [SA]T, as a function of 
irradiation time, t. In the past others have used a log-normal distribution 
in reactivity to successfully describe the kinetics exhibited by colloidal 
photocatalytic and oxide electrode systems [29] and when this same 
distribution is applied to the photocatalytic destruction of SA, the 
log-normal distribution in k is described by the following equations, 

n = n.exp( − x2) (3) 

and 

ρx = ln(k/k) (4)  

where, n is the number of sites with zero-order rate constant k, n is the 
number of sites with the average zero-order rate constant, k, and ρ is a 
measure of the width of the distribution in k. Fig. 4 illustrates the log- 
normal model predicted distributions in k for ρ values 0, 0.6, 1 and. 2.3. 

It follows from Eqs. (2), (3) and (4) that, at t = 0, 

[SA]T,0 =
∑∞

− ∞
nexp

(
− x2)[SA]S,0 (5) 

And at t = t, 

[SA]T,t =
∑∞

− ∞
nexp

(
− x2)

(
[SA]S,0 − kt

)
(6)  

where, [SA]T,o and [SA]T,t are the total concentrations of SA at irradi-
ation times 0 and irradiation time, t, respectively. If we define a unitless 
time parameter, τ, as 

τ = k.t
/
[SA]s,o (7)  

then, it follows that, 

[SA]T,τ

/
[SA]T,0 =

∑∞

− ∞
exp

(
− x2)([1 − τexp(ρx)])

/
π0.5 (8)  

since 
∑∞

− ∞exp( − x2) = π0.5. Note, due to the nature of zero-order 
kinetics, in carrying out the summation in Eq. (8), if/when the calcu-
lated term [1 - τexp(ρx)] is < 0, then it must be returned as zero. 

Eq. (8) allows log-normal model-predicted values of the normalised 
concentration of SA, i.e. [SA]T,τ/[SA]T,o to be calculated as a function of 
τ, where the latter term is proportional to the real irradiation time, t, see 

Fig. 4. Log-normal plots of n/n vs k/k, calculated using Eqs. (3) and (4), for the following values of ρ: 0 (red), 0.6 (green), 1 (black) and 2.3 (blue).  
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Eq. (7), for different values of ρ. Examples of these plots are illustrated in  
Fig. 5 for ρ values, 0, 0.6, 1 and 2.3, i.e. the same values as used in Fig. 4, 
and which were chosen because each one generates a decay curve, 
illustrated in Fig. 5, that gives an excellent fit (i.e. over 3 half-lives with a 
correlation coefficient > 0.999) to decay kinetics exhibiting very 
different values of reaction order, m, namely, zero, half, first and second 
order kinetics, respectively. Thus, when there is no distribution, i.e. 
ρ = 0, all values of k = k, and, the model predicts that the overall 
observed kinetics of SA removal will be zero order, i.e. m = 0. In the 
plots illustrated in Fig. 5, [SA]T,o and [SA]T,τ are the total concentrations 
of SA at irradiation times 0 and irradiation time, τ, respectively. 

The log-normal model generated plots illustrated in Figs. 4 and 5 also 
show that as the value of ρ is increased from zero, the distribution in k 
widens (see Fig. 4), and this, not surprisingly, affects the value of the 
apparent order, m, of reaction (1), as determined from a plot of the data 
in the form of [SA]T,τ/[SA]T,0 versus τ, see Fig. 5. Since τ is proportional 
to irradiation time, t, it follows that the log-normal model predicted 
feature of increasing m with increasing distribution in reactivity, ρ, 
would be expected in actual studies of reaction (1) using photocatalytic 
films, i.e. for any film the rate will be related to the SA concentration, via 
the following expression,  

Rate = rSA = d[SA]/dt = α[SA]m                                                       (9) 

where α is a proportionality constant that is a function of both the 
incident UV irradiance and the absorbance of the film, i.e. it is a function 
of the absorbed irradiance, and where m is related to the extent of the 
distribution in reactivity, i.e. the value of ρ, exhibited by the photo-
catalytic film under test. Note that in Eq. (9), m is independent of α and 
so the amount of UV light absorbed, however, if the SA layer is on top 
and/or inside the photocatalytic film, this assumption may not hold, due 
to scattering of the incident radiation and the non-linear dependence 
exhibited by most photocatalytic systems with respect to absorbed 
incident radiation [45]. 

A brief examination of the decay curves illustrated in Fig. 5, and 
other log-normal model-generated decay curves where m = 0–1, shows 
that, .  

ρ ≈ 1⋅432 m - 0.434m2                                                                   (10) 

It follows that, for any decay curve for reaction (1) observed for a 
photocatalytic film, once the value of m has been determined from the 
experimental data, i.e. from the plot of [SA]T,t/[SA]T,o vs. t, a value for ρ 
can then be calculated using eqn (10), and the appropriate log-normal 
model [SA]T,τ/[SA]T,o vs. τ decay curve generated, using Eq. (8). As 
we shall see, the latter can then readily be used to fit the real decay data 
by converting the values of τ into appropriate values for t. 

Note that although the value of ρ provides a measure of the distri-
bution of reactivity across the surface of a photocatalytic film, it does not 
indicate how this distribution of reactivities is itself spread across the 
surface of the photocatalyst, i.e. is the distribution very evenly spread, 
and so difficult to see/measure, or is it very uneven, and so more 
apparent and measurable? An example of the latter appears to be pro-
vided by the work of Sawunyama et al. [17,18] on LB films of SA on a 
sol-gel film of TiO2, some of the results of which are illustrated in Fig. 2. 
In this work, an uneven distribution in reactivity across the surface of 
the photocatalytic film is revealed by AFM, see Fig. 2, in the form of 
patches of residual SA. According to the log-normal distribution model 
described here, the first-order kinetics for reaction (1) observed for these 
films, illustrated in Fig. 2, suggests that these photocatalytic films have a 
log-normal distribution in reactivity with ρ = 1, since the 
model-predicted [SA]T,τ/[SA]T,o vs. τ decay for ρ = 1, is 1st order as 
illustrated in Fig. 5. Thus, the log-normal distribution model can be used 
to fit the [SA] vs t decay profile reported by Sawunyama et al. [17] 
illustrated in Fig. 2, for a LB film of SA on a sol-gel TiO2 film, irradiated 
with UVA light, i.e. its relevance is not restricted with regards type of UV 
irradiation source. 

4. Results and discussions 

In this study of reaction (1) using different photocatalytic materials, 
the removal of SA was monitored using FT-IR absorbance spectroscopy, 
through the disappearance of peaks at, (i) 2957.5 cm-1, due to the 
asymmetric in-plane C–H stretching mode of the CH3 group, and (ii) 
2922.8 cm-1 and 2853.4 cm-1, due to the asymmetric and symmetric 
C–H stretching modes of the -CH2 group, respectively [17]. Although, in 
the past, some have focussed on monitoring the absorbance due to just 
one of these peaks [14,17,18], more often, as in this work, the integrated 

Fig. 5. Plot of the normalised concentration of SA, i.e. [SA]T,τ/[SA]T,o, calculated using Eq. (8), as a function of τ, calculated using values of (clockwise, starting top 
left) ρ of 0, 0.6, 1.0 and 2.3, respectively. 
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area under all these peaks, from 2700 to 3000 cm-1, is used to provide a 
measure of [SA]t [17,31,40,44] and so, here, the units of the reported 
values of [SA]o on the different photocatalytic materials studied are 
cm-1, where 1 cm-1 is equivalent to ca. 9.7 × 1015 molecules of SA cm-2 

[46]. 

4.1. Activ™ self-cleaning glass 

Activ™ self-cleaning glass is an example of a well-established, 
commercial photocatalytic product [6] and has a ca. 15 nm thick, 
non-porous coating of anatase TiO2, as the active layer [47]. In a typical 
experiment the decay in the FT-IR absorption spectrum due to a SA film 
on a sample of Activ™ glass, upon exposure with UVC radiation 
(2 mW cm-2) was recorded every two minutes, and although, for clarity, 
only some of the results of this work are illustrated in the insert plot in  
Fig. 6; the full set of results are illustrated in Section S7 in the ESI. Note, 
when plain glass was used instead of Activ™ glass, the concentration of 
SA remained unchanged when irradiated with the same UVC irradiance 
(2 mW cm-2), for the same 10 h period. 

The spectral data illustrated in the insert plot in Fig. 6 were used to 
construct the plot of [SA]t/[SA]o vs. t, illustrated in the main diagram in 
Fig. 6, which might be initially interpreted as example of a zero-order 
decay, especially if only the first 70% of the decay is considered. How-
ever, analysis of the whole decay profile reveals that the best fit to the 
data is achieved using an integrated version of the rate Eq. (9), where m 
= 0.3, not zero. This small, but non-zero value for m (i.e. m = 0.3), 
suggests a small, but non-zero distribution in surface reactivity with 
ρ = 0.4, where the latter value was calculated using eqn (10). In order to 
demonstrate the good fit provided by the log-normal model, the [SA]T,τ/ 
[SA]T,o vs. τ decay curve, calculated using Eq. (8) of the model with 
ρ = 0.4, was converted to the solid line of best fit to the [SA]t/[SA]o vs. t 
data points illustrated in Fig. 6, by multiplying the model-generated τ 
values by a conversion parameter, β. In all this work, the value of β was 
taken as the ratio of the measured half-lives for the two (one observed 
and the other model-generated) decay profiles, i.e. the [SA]t/[SA]o vs. t 
and [SA]T,τ/[SA]T,o vs. τ decay profiles, respectively; thus, β = t1/2/τ1/2. 
In the case of the photocatalysed decay in [SA] by Activ™, illustrated in 
Fig. 6, the value of β (= t1/2/τ1/2) used to convert the [SA]T,τ/[SA]T,o vs. 
τ decay curve for ρ = 0.4, to the solid line fit to the data illustrated in 
Fig. 6(b), was 200/0.48 = 417 min. 

Activ™ self-cleaning glass is a commercial product produced on a 

large scale in which the active coating of anatase TiO2 is generated using 
chemical vapour deposition, CVD. Electron microscopy reveals a 
cobbled surface (on the nm scale) of TiO2 particles, ca. 30 nm in 
diameter, due to island growth [47]; dye-adsorption roughness and 
profilometry studies, suggest it is relatively smooth and non-porous. As a 
result, it is not surprising that such a surface, with its many grain 
boundaries and nanoscale unevenness, exhibits some heterogeneity in 
reactivity, as revealed by the observed [SA]t/[SA]o vs. t illustrated in 
Fig. 6 and its apparent excellent fit to, (i) an integrated form of the rate 
Eq. (9), with m = 0.3 and (ii) the log-normal model predicted decay 
curve with ρ = 0.4, β = 417 min, as illustrated in Fig. 6(b). 

The above results and the log-normal model shows that one way the 
heterogeneity in reactivity of a photocatalytic surface is exhibited in 
reaction (1) is in the deviation of the observed [SA]t/[SA]o vs. t decay 
profile from zero-order kinetics. However, another, more striking, way 
that this feature might be revealed is via the uniformity of the observed 
colour change when using a silver based photocatalytic activity indi-
cator ink, Ag-paii, to probe the activity of the surface of the photo-
catalytic film [40]. The Ag-paii is a colourless ink which, when coated on 
the surface of a film under test, readily reveals any photocatalytic ac-
tivity by turning brown, due to the deposition of colloidal Ag particles 
brought about by irradiating the photocatalyst with ultra-bandgap ra-
diation, via the following reaction, 

2Ag+ + glycerol
colourless

̅̅̅̅ →
photocatalyst

hv≥Ebg
2Ag↓ + 2H+ +

brown
glyceraldehyde (11) 

For example, the Ag paii has been used recently to highlight the 
significant degree of patchiness in activity, on the mm scale, exhibited 
by commercial photocatalytic tiles which have a TiO2 active coating 
[40]. In contrast, in this work, when the same Ag paii was deposited on a 
sample of Activ™ self-cleaning glass and irradiated, no evidence of 
surface reaction heterogeneity was revealed, i.e. the Ag film appeared to 
be photodeposited homogeneously, on the micron scale at least, as 
assessed using optical microscopy. Photographs of the Ag paii/Activ™ 
glass system, taken through an optical microscope, before and after 
irradiation are illustrated in Fig. S12 in the ESI file. The failure of the Ag 
paii to highlight the small (m = 0.3, ρ = 0.4) surface reaction hetero-
geneity exhibited by Activ™ glass is not surprising given it is most likely 
associated with defects which exist on the nanoscale. 

Fig. 6. Insert diagram, some of the measured decay in the 
FT-IR absorption spectrum of a SA film, [SA]o = 4.29 cm-1, 
on Activ™ glass upon its irradiation with UVC radiation 
(2 mW cm-2), with spectra recorded every 2 h and, main 
diagram, subsequent plot of the normalised integrated 
area, from 2700 to 3000 cm-1, derived from the spectral 
data, as a function of UVC irradiation time, t, i.e. [SA]t/ 
[SA]o vs. t. The solid line is the best fit to the data, calcu-
lated using Eq. (8) of the model with ρ = 0.4 and 
β = 417 min. This decay also gives a good fit to the inte-
grated form of the rate equation, Eq. (9), where m = 0.3, in 
agreement with eqn (10).   
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4.2. Sol-gel TiO2 (700 ◦C) film 

The same procedure as outlined in Section 4.1 for Activ™ glass was 
used to record the FT-IR absorption spectrum due to a SA film on a 
sample of the porous sol-gel TiO2 (700 ◦C) film, as a function of time, t, 
upon irradiation with UVC radiation (2 mW cm-2). For clarity only some 
of the FT-IR spectra recorded as part of this study are illustrated in the 
insert plot in Fig. 7, with the full set of results illustrated in Section S7 in 
the ESI. The latter were then used to construct the plot of [SA]t/[SA]o vs 
t illustrated in Fig. 7 which gives a good fit to the integrated form of the 
rate equation, Eq. (9), where m = 0.44. Eq. (8) of the log-normal model 
produces a [SA]T,τ/[SA]T,o vs. τ decay profile which also fits the same 
kinetics, i.e. m = 0.44, when ρ is set to be 0.54, as predicted by eqn (10). 
Thus, the model generated solid line of best fit, illustrated in Fig. 7, is the 
[SA]T,τ/[SA]T,o vs. τ plot calculated using Eq. (8) of the log-normal 
model with ρ = 0.54, where all the values of τ have been multiplied 
by β, the calculated value for which was = 24.0/0.460 = 52.1 min 

The results of this work suggest that the sol-gel TiO2 (700 ◦C) film 
exhibits a greater heterogeneity in surface reactivity than Activ™ glass, 
as ρ = 0.54 cf. 0.4. When the sol-gel TiO2 (700 ◦C) film, used to generate 
the data in Fig. 7, was coated with the Ag paii and then exposed to UVA 
radiation and the Ag film, generated by reaction (11), was examined 
using optical microscopy, it revealed a mottled Ag film as illustrated by 
the before and after irradiation photos in Fig. 8. The photodeposited Ag 
film illustrated in Fig. 8(b) suggests that the sol-gel TiO2 (700 ◦C) film 
has a patchy surface reactivity on the micron scale, unlike non-porous 
Activ™ glass, see Fig. S1 in the ESI. These results appear consistent 
with the rougher, porous, nature of the sol-gel TiO2 (700 ◦C) film, as 
revealed from BET, dye adsorption and profilometry measurements, see 
Figs. S4, S6 and S7 in the ESI, and the higher kinetic order it exhibits (m 
= 0.44, c.f. 0.3) for reaction (1), compared to Activ™ glass. 

4.3. P25 TiO2 film 

Using the same procedure as outlined in Section 4.1 for Activ™ glass, 
the FT-IR absorption spectrum, due to a SA film on a sample of the P25 
TiO2 film, was recorded as a function of time, t, upon irradiation with 
UVC radiation (2 mW cm-2). For clarity only some of the FT-IR spectra 
recorded as part of this study are illustrated in the insert plot in Fig. 9, 
with the full set of results illustrated in Section S7 in the ESI. The latter 
were then used to construct the plot of [SA]t/[SA]o vs t illustrated in 

main part of Fig. 9 which gives a good fit to the integrated form of the 
rate equation, Eq. (9), with m = 0.6. Thus, the line of best fit to the decay 
data illustrated in Fig. 9 was calculated using Eq. (8) of the model with 
ρ = 0.7 and β = 26.7 min. These results show that, perhaps not sur-
prisingly, the P25 TiO2 film exhibits decay kinetics for reaction (1) that 
suggest a greater heterogeneity in terms of surface reactivity when 
compared to that of the sol-gel TiO2 (700 ◦C) film, with ρ = 0.7 c.f. 0.54. 

The P25 TiO2 film, used to generate the data in Fig. 9, was coated 
with the Ag paii and irradiated and the Ag film generated by reaction 
(11) then examined using optical microscopy. The results of this work 
are illustrated in Section S4 in the ESI file, a brief inspection of which 
shows that, somewhat surprisingly, the Ag film that formed due to the 
photocatalysed Ag deposition process, reaction (11), appeared uni-
formly brown across the whole surface, very much like that of the Ag 
film produced by the non-porous Activ™ glass, also illustrated in 
Fig. S13 in the ESI. This observation suggests that although the P25 TiO2 
film exhibits a higher kinetic order (m = 0.60, c.f. 0.44) for reaction (1), 
than the sol-gel TiO2 (700 ◦C) film, the surface reaction heterogeneity is, 
in contrast to the latter film, much more evenly spread across its surface, 
so that no obvious hot-spots are revealed by the Ag paii even on the 
micron scale employed here. This observation is not inconsistent with 
the results of the profilometry study, which showed it to be the roughest 
of the three films tested, but with a Ra value of 105 nm, which is still too 
small to show up in an examination of the Ag film on the micron scale. 

5. Conclusions 

In practice, the kinetics of SA removal exhibited by photocatalytic 
films are often not exactly zero-order, although the latter is expected if 
all surface sites are equally active. For any photocatalytic film, the 
observed kinetic order, m, where m > 0, for reaction (1), derived from 
the plot of [SA] vs t, can be readily explained by assuming that not all the 
photocatalytic sites are equally active, and that there is a distribution of 
activity across the photocatalytic surface; in this work a model is 
developed based on a log-normal distribution in the zero-order rate 
constant, k. The kinetics of SA removal exhibited by examples of 
different TiO2 films, namely a commercial, non-porous self-cleaning film 
produced by CVD, a porous sol-gel TiO2 (700 ◦C) and a porous P25 TiO2 
film, show an increasing deviation from zero-order kinetics, with m 
= 0.3, 0.44 and 0.6, respectively, but all fit the kinetics predicted by a 
log-normal model of activity, with distribution width, ρ, values of 0.4, 

Fig. 7. Insert diagram, some of the measured decay in the 
FT-IR absorption spectrum of a SA film, [SA]o = 3.70 cm-1, 
on a porous sol-gel TiO2 (700 oC) film upon its irradiation 
with UVC radiation (2 mW cm-2), with spectra recorded 
every 10 min and, main diagram, subsequent plot of the 
normalised integrated area, from 2700 to 3000 cm-1, 
derived from all the spectral data, as a function of UVC 
irradiation time, t, i.e. [SA]t/[SA]o vs. t. The solid line is the 
best fit to the data, calculated using Eq. (8) of the model 
with ρ = 0.54 and β = 52.1 min. This decay also gives a 
good fit to the integrated form of the rate equation, Eq. (9), 
where m = 0.44, in agreement with eqn (10).   
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0.54 and 0.7, respectively. An Ag paii layer deposited on these photo-
catalytic films, is used to probe the unevenness in the distribution in 
surface reactivity exhibited by these films on the micron-mm scale. The 
previously reported, first order kinetics observed for a Langmuir-Blodget 
film of SA on a TiO2 film are also readily described by the log-normal 
distribution model [17]. Reaction (1) is often used to test new, 
self-cleaning photocatalytic films, and so the simple log-normal model 
will help provide a better understanding of the observed kinetics and aid 
comparison in performance of different self-cleaning films. 

Although the log-normal reported here appears credible, given pre-
vious work on semiconductor colloids and electrodes [29] and the AFM 
work of Sawunyama et al. on LB films of SA on TiO2 [17], and is clearly 
able to fit the very different SA decay profiles reported here and else-
where [17,47], it is still necessary to corroborate the model further by 
identifying (i) an alternative method that highlights the heterogeneous 
surface reactivity of a photocatalyst film and (ii) other test pollutants 
that exhibit the same features in their decay profiles as observed for SA 
when deposited in the same TiO2 film. Consequently, work is in progress 
along these lines. 
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Fig. 8. Photographic images recorded through an optical microscope of the sol-gel TiO2 (700 oC) film used to generate the data in Fig. 7, coated with Ag-paii, (a) 
before and (b) after irradiation with UVA (2.0 mW cm-2) for ca. 5 s. 

Fig. 9. Insert diagram, some of the measured decay in the 
FT-IR absorption spectrum of a SA film, [SA]o = 4.42 cm-1, 
on a P25 TiO2 film upon its irradiation with UVC radiation 
(2 mW cm-2), with spectra recorded every 10 min and, 
main diagram, subsequent plot of the normalised inte-
grated area, from 2700 to 3000 cm-1, derived from all the 
spectral data, as a function of UVC irradiation time, t, i.e. 
[SA]t/[SA]o vs. t. The solid line is the best fit to the data, 
calculated using Eq. (8) of the model with ρ = 0.7 and 
β = 26.7 min. This decay also gives a good fit to the inte-
grated form of the rate equation, Eq. (9), where m = 0.60, 
in agreement with Eq. (10).   
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