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The current eight published ISO standards associated with semiconductor photocatalysis are considered.
These standards cover: (1) air purification (specifically, the removal of NO, acetaldehyde and toluene),
(2) water purification (the photobleaching of methylene blue and oxidation of DMSO) (3) self-cleaning
surfaces (the removal of oleic acid and subsequent change in water droplet contact angle), (4) photo-
sterilisation (specifically probing the antibacterial action of semiconductor photocatalyst films) and (5)
UV light sources for semiconductor photocatalytic ISO work. For each standard, the background is first
considered, followed by a brief discussion of the standard particulars and concluding in a discussion of
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Standards
Titania
uv

briefly.

ble standards for the future which would either compliment or enhance the current ones are discussed

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photocatalysis is a burgeoning field of photo-
chemistry, with many uses, such as: the photomineralisation of
volatile and non-volatile organics and (to a lesser extent) inor-
ganics, photoinduced superhydrophilicity and photosterilisation
[1-3]. In addition to its wide range of application, the process
also benefits from having a few significant semiconductors, such
as titanium oxide, that are extremely robust both chemically and
photochemically and inexpensive. It is small wonder therefore,
that a number of notable different commercial products have
arisen from the wide-scale research conducted in this area. These
include: (i) self-cleaning glass, concrete, tent/awning materials and
tiles, (ii) odour-removing paint for indoor applications, (iii) NOx
removing paint, concrete and tiles for exterior applications, (iv)
photo-induced sterile surfaces (ceramics and metals), (v) water and
air purification units and (vi) defogging mirrors [4]. Such new mate-
rials and diverse commercial products require standards by which
their effectiveness can be gauged, compared and contrasted.

The ISO is the world’s leading developer and publisher of inter-
national standards, comprising a network of the national standards
institutes of 162 countries, with a central co-ordinating secre-
tariat based in Geneva, Switzerland [5]. It is a non-governmental
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organisation that bridges the public and private sectors and so is
able to generate, via a consensus among experts in the field, stan-
dards that meet the requirements of both business and society.
ISO standards are developed by technical committees, compris-
ing national experts from those sectors that have asked for the
standards.

Standards help manufacturers develop and deliver products
which have the defined characteristics desired by their customers,
such as activity, robustness, appearance and low cost. Thus, for
industry, standards ensure their products are widely accepted and
competitive, whereas, for the consumer they ensure product qual-
ity and reliability. Although the ISO has no legal authority to enforce
the implementation of its standards, it is worth noting that coun-
tries sometimes choose to refer to them in regulative legislation.
All international standards are reviewed at least 3 years after
publication and every 5 years after the first review. Given the
emergence of a number of commercial products based on semi-
conductor photocatalysis it is appropriate that the international
standards organisation (ISO) has begun to address the need for the
quantification of performance ability of such materials through the
publication of a series of standards [6-13].

There are a large and growing number of research groups and
industries associated with semiconductor photocatalysis, many of
which are relatively unaware of the recently published ISO stan-
dards in this area, since there is little in the literature about them.
Itappears appropriate, therefore, 5 years on from the first published
ISO standard in this area [6], to review concisely the background,
main features, typical outputs and pros and cons of each of the
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Table 1

Sample pre-conditioning step conditions.
Test UVA irradiance/mW cm~2 Duration/h
MB2* >1 24-72
NO =1 =5
Acetaldehyde >1.5 16-24
Toluene >1.5 16-24
DMSO 2 >5
Contact angle 2 24
Antibacterial None None

published tests and the tests as a whole. This is the aim of this
feature article along with a brief discussion of other possible stan-
dards which might usefully compliment or reinforce those already
in place.

2. I1SO 10678; 2010, the ‘determination of photocatalytic
activity of surfaces in an aqueous medium by degradation
of methylene blue’ [9]

Methylene blue (MB*) is a highly popular test pollutant in
semiconductor photocatalysis used in the assessment of such key
features as: new photocatalytic materials, photoreactors and light
sources. Its popularity lies in its simplicity, since all that is required
for an assessment is the measurement of the rate of photocatalytic
bleaching of MB* in aqueous solution via UV/vis spectrophotome-
tery [14].

Matthews demonstrated that films of titania were able to medi-
ate the complete photo-mineralisation of MB* (C1gH1gN3SCl) [15]
as early as 1989, i.e.

i

C16H1gN3SCl +25.50, %2 HCI + HySO, + 3HNO3
hv>3.2eV

+16C0O; + 6H,0 @)

and observed, not surprisingly, that this mineralisation process
occurs on a longer timescale than the oxidative photobleaching of
the dye. As an aside, it is worth noting, therefore, that the measure-
ment of the rate of photobleaching of MB* is not equivalent to the
rate of mineralisation of the dye, which is usually and necessarily
a slower process.

One of MB*’s attractive features is its large molar absorptiv-
ity, ems, although a brief examination of the literature reveals a
startling range of reported values for this parameter, i.e. with ey
ranging from (4.0 t0 9.5) x 104 M~! cm~! at Apax =665 nm [16-23].
Whatever value is taken or measured for &yg, the high molar
absorptivity of MB* ensures a striking and easily measured colour
change, from blue to colourless, when the dye is photo-bleached
by the semiconductor photocatalyst under study.

MB* is still used, albeit no longer on a large scale, as a textile,
leather and paper dye and so is a reasonable choice as a test pollu-
tant dye for the photocatalytic remediation of water, although not
quite as obvious as a test pollutant for assessing self-cleaning films,
as proposed in this ISO standard.

2.1. The standard

The main photoreaction system referred to in the standard is
illustrated in Fig. 1, and comprises: a sample (with an active coat-
ing) plate (typically, 10cm square) onto which is fixed a glass
cylinder (3-4.7 cm diameter). The sample has previously been pre-
conditioned by exposing it to UVA light for a period of time,
details of which are given in Table 1. Into this sealed, cylinder/plate
combination is first placed 35ml of a ‘conditioning’ solution of
2 x 107> M MB" for 12 h in the dark. If, after this period, the [MB*]
is <10~> M the conditioning step needs to be repeated using a fresh

: =
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Fig. 1. Irradiation set up for the methylene blue standard, comprising: (1) UV light
source, (2) glass cover, (3) testing cylinder, (4) testing area and (5) sample under
test.

conditioning step. If this is not the case, then 35ml of a 107> M
reaction MB* solution are added and the cylinder covered with
a UV transparent glass pane. The system is then irradiated with
UVA light (1.0 mW cm~2) and the reaction solution agitated every
20 min. The variation in the concentration of the methylene blue
as a function of irradiation time is measured spectrophotometri-
cally, either directly (through the test solution) or by sampling the
solution and returning the sample after the measurement, via the
solution’s absorbance at 665 nm. The irradiation process is carried
out for 3 h or anytime less if the solution is decolourised sooner. The
reaction temperature should be 23 + 2 °C, and the reaction solution
should be stirred at least every 20 min. An otherwise identical blank
(dark) experiment is then run. A typical set of data for a non-active
and active sample are illustrated in Fig. 2, from which the %pho-
tonic efficiency of the active sample, £y, can be calculated, via the
following expression:

100 x r(MB")
h Iyv

Ems (2)
where r(MB*), rate of methylene blue photocatalysed bleaching
(units: molecules cm~2 s~1) and Iy is the UVA irradiance in units:
number of photons cm~2 s~1. Note: any run in which the solution is
fully discoloured within 120 min generates an unreliable value for
&mg (i.e. >0.1%) due to mass transfer effects, vide infra.

0.6
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o
~

o
)
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Fig. 2. Typical set of results for the MB ISO standard using test samples with (®)
and without () a photocatalyst coating. The solid line is the calculated maximum
allowable decay curve observable under standard conditions without a significant
mass transfer contribution.
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2.2. Pros and cons

The main advantages of this standard are its simplicity and ease
of use. The disadvantages stem from its underlying assumptions,
of which the major ones are given below. Obviously, it is highly
desirable when using the standard, to ensure the conditions are
such that these assumptions are likely to hold and, with this in
mind, we have suggested slight improvements (mainly a tightening
up of the specified conditions) that may be made to the standard to
improve repeatability (within a lab) and reproducibility (between
labs).

2.2.1. Dye purity

The ISO standard assumes that the MB* used is of a high
purity, with eyg=7.4x 10* M~1cm~! at 664/5 nm [24]. However,
as already noted above, g, values quoted in the literature span
a wide range, including values much larger and smaller than
74x10*M~1cm~1 at 664/5nm. This variance is most likely a
reflection of the different purities of commercial sources of methy-
lene blue, as noted by others [17]. The high variance in the purity of
commercial samples of MB* means that it is not possible to make
up readily a 10~ M MB* solution with confidence. This problem
is exacerbated by the fact that the kinetics of MB* photobleach-
ing are highly dependent, in a non-linear fashion, upon the MB*
concentration [25]. This difficulty of MB* purity may be rectified
if the MB* reaction solution is made up so as to have a defined
absorbance at 665 nm in a 1 cm cell (as opposed to a defined con-
centration of 10~> M as in the original standard) and we suggest
an absorbance value of 0.74, which is what it should be if the
MB* used does exhibit an ey =7.4 x 104 M~ cm~1, as cited by the
standard.

2.2.2. Adsorption and pH

At solution pH values below the point of zero charge (pzc) of
the semiconductor (ca. pH 6.6 for TiO, ) the adsorption of MB*, onto
a titania semiconductor photocatalyst, via coloumbic attraction is
likely to be negligible, but increasingly substantial at pH'’s above
this pzc [26]. It is important, therefore, in the standard that the ini-
tial pH of the MB™ solution is a defined value. Significant deviation
from this set pH will alter the amount of MB* adsorbed which will
alter the measured rate and so the calculated value of £yg. The ini-
tial pH of the reaction solution is not stipulated in the current ISO
test, but a value of pH 5.5 seems appropriate and is recommended
here.

2.2.3. Stirring and diffusion

The ISO standard assumes that the reaction kinetics for
reaction (1) are activation, rather than diffusion controlled, as evi-
denced by the standard’s recommended token degree of stirring
(every 20min). In the event that a highly efficient photocat-
alytic surface is tested the standard suggests that when &y > 0.1%,
the experiment should be repeated but with an irradiance of
0.25mW/cm?2. However, this process is unlikely to generate
values of any greater import, since the kinetics of MB* photo-
bleaching are highly dependent in a non-linear fashion, upon
Iyy [25,27]. As a result, the ISO standard is limited in applica-
tion to low activity photocatalytic films, for which &yp <0.1%,.
The [MB*] decay profile for a film with &yg=0.1% is illustrated
by the thick black line in Fig. 2, which extrapolates to a com-
plete bleaching time of 120 min. It follows that any film that
generates a steeper [MB*] decay profile than this will yield a
Emp value>0.1%, which will be unreliable due to mass transfer
effects.

2.2.4. Mechanism
The overall photomineralisation of MB* by semiconductor pho-
tocatalysis (SPC) is summarised by the following reaction:

Semiconductoryy -y 4 1,50, + 3HNO3
hu=Ey,g

+16C0, + 6H,0 (3)

C]6H18N35C1 +25.50,

However, it is worth noting, when using such a dye test sys-
tem for assessing SPC activity, that dye photobleaching can also
occur via a dye photosensitised process in which the electronically
excited state of the dye, D*, injects an electron into the conduction
band of the semiconductor, SC, to produce an oxidised dye radi-
cal, D**, which is unstable and able to decompose subsequently to
bleached products [26,28,29], i.e.:

D* +SC — D'* +5C(e™) (4)
D'+ — bleached products (5)

The injected electron can also promote this process via its subse-
quent reaction with O, to produce a number of different oxidising
species, such as hydrogen peroxide. Not surprisingly, it appears
that for reactions (4) and (5) to occur efficiently the dye must
be adsorbed onto the surface of the semiconductor [29]. Dye-
sensitised photobleaching is minimised in the ISO standard by using
(i) MB* as the dye under test, since MB* adsorbs little light at
365 nm, and (ii) an initial solution pH of 5.5, since this ensures the
MB* is poorly adsorbed on any semiconductor with a pzc> ca. 6.0,
such as titania [29].

It also follows from the above discussion that the test should
not be adapted for assessing the activity of visible light absorbing
photocatalysts, using a visible light source instead of the recom-
mended UV light source, since dye-sensitised photobleaching, via
reactions (4) and (5), could make a significant (non-photocatalytic)
contribution to the observed photobleaching of the dye. The stan-
dard is appropriate, however, for assessing photocatalytic activity
of avisible light absorbing semiconductor photocatalyst, using UVA
light.

3. IS0 22197: test methods for air-purification performance
of semiconductor photocatalytic materials [6,12,13]

To date there are three published photocatalyst air-purification
ISO methods, each dedicated to the removal of a different air-
borne pollutant, namely: nitric oxide (NO), ISO 22197-1: 2007
[6]; acetaldehyde (CH3CHO), ISO 222197-2: 2011 [12] and toluene
(CH3CgHs5), ISO 22197-3: 2011 [13], although others are almost at
the publication stage (e.g. for: formaldehyde and methyl mercap-
tan). All three photocatalytst, air-purification published standards
use the same photoreactor system, the key features of which are
illustrated in Fig. 3. Thus, a UVA light (1) is used to illuminate,
through a quartz or borosilicate glass window (2), the sample (3)
under test (a 5cm x 10 cm rectangle), typically ca. 5mm thick. The
test pollutant (4) is mixed with air (5), humidified (RH=50% at
25°C) using a water-filled Drechsel bottle (6). The flow rate of the
different gas streams are managed by mass-flow rate controllers
(7) and the inlet and outlet gas streams are sampled by a gas sam-
pling valve attached to a suitable analytical system (8). The reactor
is built out of material that is inert with regard to the test pollutant
and UV, such as stainless steel, Perspex, or PTFE. Fig. 4 provides a
side view illustration of the photoreaction cell for a sample that is
either a solid, Fig. 4(a), or highly porous (e.g. honeycomb), Fig. 4(b).
In the former system, Fig. 4(a), the gas stream (2) flows through
the narrow (5mm) gap between the glass window (1) and the
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Fig. 3. Irradiation set up for the air purification ISO standards, comprising: (1) UV light source, (2) glass cover, (3) sample under test, (4) standard gas (i.e. test pollutant), (5)
purified air source, (60 humidifier, (7) mass-flow controllers and (8) pollutant gas analyser.

sample (3), which is on a height-adjustable plate. In the latter sys-
tem, Fig. 4(b), the gas flows through the sample (5).

Details of the test pollutant concentration, [X], overall gas
stream flow rate, f, sample run test time, t, and analysis sys-
tem(s) employed in each of the air-purification standards are given

J | T

4 5

(b)

Fig. 4. Cross-sectional view of the photoreaction illustrated in Fig. 3 for test pieces
which are (a) flat or (b) honeycomb in structure. The components are: (1) glass cover,
(2) test gas flow, (3) flat test sample, (4) height-adjusting plate and (5) honeycomb
test piece.

in Table 2. Before carrying out the test each sample is cleaned
photocatalytically by exposing it to UV light for a set period of time,
details of which are given in Table 1, then immersed in water for 5 h
and, finally, air-dried at room temperature. If the test pieces are not
used immediately they are stored in an air-tight container. Note:
in all these air-pollution tests the flow rate is normalised for STP
and dry gas conditions. It is also suggested to correct f for the water
vapour present (by multiplying by 1.016), although for simplicity
this correction has been omitted from the simplified calculations
given below.

3.1. The standard

After placing the cleaned test piece in the photoreactor and
adjusting the space between the detachable window and the sam-
ple so that it is ca. 5mm, the test gas is allowed to flow into the
photoreactor without illumination for ca. 30 min before the light is
switched on. The concentration(s) of the analyte(s) of interest are
monitored regularly during this ‘dark’ absorption time, and subse-
quently, i.e. when the system is illuminated and 30 min after the
light has been switched off. The concentration vs. time data pro-
file(s) are then processed so as to provide one or more measures
of the efficiency of the test piece to remove photocatalytically the
air-pollutant under test.
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Table 2

Air purification standard test conditions.?
Parameter Nitric oxide Acetaldehyde Toluene
Concentration [X]/ppmv 1.0 5.0 1.0
Flow rate, f/dm? min~! 3.0 1.0 0.5
Test time, t/h 5 3 3
Total pollutant load/wmol 40.2 40.2 4.02

Analytical method

Chemiluminescence: NO, NO,lon chromatography: NO3~

Acetaldehyde: GC-FIDCO;: IR Toluene: GC-FID

a Common standard conditions include: (1) photoreactor (see Fig. 4); (2) irradiance (1.0 mW cm~2); (3) light source: BL or BLB; (4) temperature: 25°C and (5) relative

humidity: 50%.
3.2. The NO test system: ISO 22197-1 [6]

Nitric oxide is an important intermediate in the chemical indus-
try and a major air pollutant produced by the combustion of
substances in air, such as gasoline in automotives and fossil fuels
in power stations. In the absence of a catalyst NO is oxidised rela-
tively slowly to nitric oxide by oxygen (t1/, ~70h for 1 ppmv of NO
inair).Itis used on a large scale in the manufacture of nitric acid, the
bleaching of rayon, and as a stabiliser in the production of propene
and methyl ether. Itis an important signalling molecule in most bio-
logical systems and, along with NO,, is associated with sick building
syndrome and acid rain production. Given its widespread commer-
cial use and, maybe more importantly, its occurrence as a common
air-borne, environmentally damaging pollutant, the removal of NO
and its NOy counterpart, NO,, by semiconductor photocatalysis has
attracted a great deal of attention. Although the apparent efficacy
of the NO removal process by semiconductor photocatalysis is not
particularly high (quantum efficiency ca. 0.5%) [30], the attraction
of removing such a ubiquitous indoor and outdoor pollutant using
light has resulted in the promotion of many commercial photo-
catalyst products, such as paint, tiles, paving stones, for their NOy
removing ability.

3.2.1. Key reactions

The titania-sensitised, photocatalytic oxidation of NO proceeds
to nitric acid, via nitrous acid and a radical based mechanism
[30-34]. The two key photocatalytic reactions are:

i0:
4NO + 0, + 2H,0 %2 4HNO, (6)
hUZEbg
and
2HNO, + 0, %2 2HNO; (7)
hv=Ey,g

Recent work [30] reveals that the accumulation of nitric acid
on the surface promotes its photocatalysed reaction with NO that
generates the toxic product NO,, i.e.

2HNO; + NO %2 3NO, + H,0 (8)
hv=Epg

This can lead to an eventual steady state where the rate of NO
removal is matched by the rate of NO, production; which is clearly
highly undesirable. It follows that for any NOy-removing photo-
catalyst product to work effectively it is necessary that the HNO3
photogenerated, via reactions (6) and (7), must be removed at reg-
ular intervals, by rinsing with water, e.g. from rain or a damp cloth.

The standard sets out to measure the photocatalyst’s overall
ability to remove the oxides of nitrogen, i.e. NOy, using a NO-
containing (1 ppmv) air stream. A measure of this ability is taken
as the difference between the total NO removed (nyno) and NO,
generated (nyo, ) during the irradiation period.

3.2.2. Procedure
The general procedure for the NO test is as described above in
Section 3.1, along with the specific reaction details in Table 2; the

standard gas contains 30-100 ppmv of NO in N, and this is mixed
with air to produce the reaction test stream of 1 ppmv of NO and
21% 0O,. As we shall see, the NO test as it stands deviates from the
other two procedures in that, at the point the illumination process
ceases, the composition of the gas stream is also switched from the
test pollutant to just the air carrier gas, although it’s not readily
apparent why this is required. Indeed, in a recent, published appli-
cation of the standard, the inlet gas composition was not changed
at the end of the irradiation process [34].

Under the conditions specified in the standard, typical plots of
the observed temporal variations in [NO] and [NO, | generated by
the test for a titania sample are illustrated in Fig. 5. The hatched area
‘A’ is proportional to the amount of NO adsorbed by the test piece
in the dark, n,4s, whereas marked areas ‘B’ and ‘C’ are proportional
to nno and nno,, respectively; the latter three parameters have
units: pwmol, whereas the units of the hatched areas are: (pl/1)h.
The standard suggests that the integrated areas due to (i) NO ‘dark’
adsorption (‘A’) and (ii) NO ‘dark’ desorption (the area under the
[NO] decay curve after the light is switched off), i.e. at point 3
in Fig. 6 and beyond, should be calculated. However, since these
are approximately the same and these two values are then sub-
tracted from each other, i.e. they will roughly cancel each other
out, it is simpler (although technically less exact) to calculate the
net amount NO, removed by the test piece, nyo,, as follows:

o, = (g ) (B-C) (©)
given fis in units: dm? min~1, see table 2.

In the standard, in what is referred to as the elution test, it is pro-
posed that the used sample is then immersed in a known quantity
of water for 1 h and this soaking process repeated. Analysis, via ion
chromatography, of the two water samples generated by this pro-
cedure then reveals the amount of HNO, and HNOs that resides on
the surface of the semiconductor photocatalyst test piece after the

1.2

o
-]
%hz

NO, NO, (plil)

o
e

t (h)

Fig. 5. Typical data set generated, i.e. NO removed and nitric acid generated, in the
NOISO standard, for which the feed stream [NO] is 1 ppmv. The hatched areas ‘A’ and
‘B’ are proportional to the amounts of NO adsorbed and photo-oxidised/removed,
respectively. Hatched area ‘C’ is proportional to the amount of nitric acid generated.
The key points are: (1) start of contact with NO-containing feed, (2) UV lights on and
(3) UV lights off, feed gas changed to zero calibration gas (i.e. air).
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[MeCHO] or CO, (ul/l)

t (h)

Fig. 6. Typical data set generated, i.e. acetaldehyde removed and carbon dioxide
generated, in the acetaldehyde ISO standard, for which the feed stream [acetalde-
hyde] is 5 ppmv. The hatched areas ‘B’ and ‘B” are proportional to the amounts of
acetaldehyde removed and carbon dioxide generated, respectively. The key points
are: (1) start of contact with the acetaldehyde feed (t=0), UV lights on () and UV
lights off (1).

illumination process is complete, i.e. nnp, /no,. and so allows the
fractional nitrogen mass balance to be calculated, i.e. ny, where:

_ 1IN0, /NOy

Ny
nNoy

(10)

For many titania photocatalysts, ny, is usually > 0.9, and often
this elution test is omitted, especially for a more rapid screening of
samples [30,31].

Given in the standard, the total pollutant load is 40.2 pwmol, and
UVA irradiance is 1 mW cm~2, a quick calculation indicates that the
standard is only applicable to samples which exhibit a photon effi-
ciency of ca.< 1.5%, since anything higher would remove all the NO
from the inlet stream. This would seem appropriate if the quantum
efficiency of the process is 0.5%, as has been reported for titania [30].
If such a high-performing sample (i.e. quantum efficiency > 1.5%)
was tested, the simplest adaption of the standard to assess such
a sample would be to lower the available surface area. However,
the gas flow velocity is relatively slow (0.2 ms~1) and there may be
some concern that the system is not able to distinguish very well
between samples of high photon efficiency (e.g. >1%) due to mass
transfer effects. There is also a concern that the level of pollutant
used (1 ppmv) in this standard is excessive given that such a level is
not commonly encountered, except in heavily polluted urban areas.
For example, the latest EU directive suggests [35] the hourly mean
for a calendar year should be 40 wgm~=3 (i.e. 22 ppbv) and even
NO levels in a busy street (Marylebone) in London in 2010 were
on average 67 ppbv, with typical daytime values of 112 ppbv [36].
Operating at these levels however will increase the likelihood of
the unwanted feature of some mass transfer control in the observed
kinetics of NO removal.

3.3. The acetaldehyde test system: ISO 22197-2 [12]

Acetaldehyde occurs widely in nature, since it is produced by
plants as part of their metabolism and also during the ripening
process. It is also a product of combustion (wood, oil, petrol and
diesel) and so is a constituent of car exhaust fumes and tobacco
smoke. It is a significant industrial chemical which is used in the
manufacture of acetic acid, perfumes, flavours, aniline dyes, plas-
tics and synthetic rubber. It is a cancer suspect agent, an irritant
and large doses can cause death by respiratory paralysis. It is an
important indoor air pollutant as it is released by building materi-
als such as polyurethane foams, adhesives, coatings and inks. Along
with formaldehyde and other volatile organic carbons, i.e. VOC's,
such as toluene, it is associated with sick building syndrome. It has

been chosen for use in this ISO standard as it is a typical VOC with
a low molecular mass and has apparently an offensive odour.

3.3.1. Key reactions

The photocatalytic oxidation of acetaldehyde has been well
studied [37-39] using titania photocatalysts, although the reaction
pathway, and the major intermediates, are still the subject of debate
[40]. Recent work indicates that it is first oxidised to acetic acid and
then to formic acid, formaldehyde (the acids being adsorbed onto
the surface of the titania) and then, finally to CO, [40], i.e.

2CH;CHO + 0y — 2CH;COOH (11)
2CH;COOH + O, — 2HCOOH + 2HCHO (12)
2HCOOH + 2HCHO + 30, — 4C0, +4H,0 (13)

3.3.2. Procedure

The general procedure for the acetaldehyde test is as described
above in Section 3.1, along with the specific reaction details in
Table 2. In this standard the disappearance of the acetaldehyde and,
if possible, the appearance of the CO, are monitored as a function of
irradiation time. The standard notes that ‘the measurement of CO,
may not always be feasible for some test pieces’ possibly due to a
high ability to adsorb and react with any CO, generated, as might
be expected for alkaline, cement-based samples.

A typical dark adsorption then irradiation decay time profile for
[acetaldehyde] and concomitant [CO, | photogenerated time profile
are illustrated in Fig. 6. As before the shaded area ‘B’, with units of
(/1) h, is proportional to the amount of acetaldehyde removed, n4;
units: wmol. It follows that the average fraction of the acetaldehyde
removed in 3 h, F4, can be calculated as follows:

_ B
a 3¢Ao
where ¢4, is the supply level of acetaldehyde (ca. 5 ppmv). In addi-
tion
60f

ng = (m) B. (15)

Although this approach to the calculation of F4 and n, is consis-
tent with the previous (NO) air-pollution standard tests described
earlier, curiously the ISO standard itself for acetaldehyde suggests
the initial (i.e. supply; ¢a,) and exit (the average of 3 or more
measurements in the last hour of the testing period; ¢,) values of
[acetaldehyde] should be used instead in the calculations, so that:

F4 (14)

_ bao—Pa

R (e
and

1n(60) =60 (¢0 — 9a) (535 (17)

where ny4 (60) is the amount of acetaldehyde removed (in pmol) in
the last hour of the test.

If it is possible to measure the [CO;] vs. irradiation time pro-
file (as illustrated in Fig. 6) then the area, B/, underneath the [CO;]
vs. irradiation time profile can be used to calculate a value for the
%conversion of acetaldehyde to two molecules of carbon dioxide by
the photocatalyst, Rco, , via the photocatalysed reactions (11)-(13)
since, Rco, = 100B’/(6¢4,). In addition a value for the number of
moles of CO, photogenerated, nco,, can be calculated using Eq. (15),
by substituting B’ for B.

Alternatively, and as suggested by the standard, it is possible to
calculate avalue for nco, (60), using a modified version of Eq.(17).In
this case, values for ¢4, and ¢4, would be replaced, respectively, by
values for the fractional amount of CO, in the gas phase: (i) before
illumination (¢co,o) and (ii) in the last hour of the illumination
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process (derived from 3 measurements made in that period), ¢co, L
(units: pl/I). In this case a value for Rco, can be then calculated via:

@co,,L — Pco,o
2¢Ao

The standard notes [12] that the amount of acetaldehyde
removed should be reported, i.e. n4 (60), if the ISO calculations are
followed rigidly. Alternatively, as suggested here, the value of 14
should be reported instead, as calculated using Eq. (15), since it is
more consistent with the NO ISO standard. Reporting of the other
values, such as Reo, or Nco, (60), are optional.

Interestingly, whereas the criticism can be made that the NO
level chosen in the ISO standard is too high (1 ppmv), that used in
the acetaldehyde standard appears too low, since permissible expo-
sure limit as an 8 h time weighted average is 100 ppmv, although it
should also be noted that the odour threshold is 0.21 ppmv and
exposure to a 50 ppmv vapour of acetaldehyde causes mild eye
irritation within 15 min [41]!

Reo, = 100 (18)

3.4. The toluene test system: ISO 22197-3 [13]

Toluene is a widely used chemical feedstock and industrial sol-
vent. As a solvent, it is used in paints, paint thinners, silicone
sealants, printing inks, glues, resins and disinfectants. It is also used
as an octane booster in gasoline fuels. In industry it is also used in
the manufacture of: benzoic acid, benzaldehyde, explosives, dyes
and many other organic compounds. Toluene is toxic, although
less so than benzene, and is a component of the volatile organic
compounds associated with sick building syndrome.

3.4.1. Key reactions

Many papers have been published on the removal of toluene via
its photocatalytic mineralisation [42-48]. In the absence of water
vapour the photoreaction quickly stops due to the inhibition of the
hydroxyl regeneration process and the accumulation of reaction
products, such as benzoic acid. In the presence of water vapour
this deactivation process can be much slower, depending on how
readily the reaction intermediates, such as benzoates, are adsorbed.
For example Schiavello et al. reported that Merck TiO, exhibited a
stable photocatalytic activity, whereas Degussa P25 continuously
deactivated upon illumination [46]. In the photocatalytic oxidation
of toluene the major initial product appears to be benzaldehyde
which is then subsequently oxidised to benzoic acid and eventually
to carbon dioxide and water, provided the reaction intermediates
do not adsorb so strongly to the surface of the titania as to render
it photo-inactive [48], i.e.

C6H5—CH3 +05 — C5H5—CHO + H,0 (19)
2CsH5-CHO + 0, — 2CgH5-COOH 2%214C0, + 6H,0 (20)

3.4.2. Procedure

The general procedure for the toluene test system is as described
above in Section 3.1, along with the specific reaction details in
Table 2. In this standard only the disappearance of the toluene, i.e.
reaction (19), is monitored as a function of irradiation time.

A typical set of [toluene] (units: (pl/1)) vs. time data generated
from a run using a titania photocatalyst sample is illustrated in
Fig. 7. As in the NO standard, the shaded areas ‘A’ and ‘B’, with units
of (/1) h, are proportional to the amounts of toluene adsorbed,
N,ds, and removed, nr; units: pmol. It follows that fraction of the
toluene removed, Fr, can be calculated using equations identical in
form to those used in the acetaldehyde test, i.e. Eqs. (14) and (15),
replacing ¢4, with the supply concentration of toluene, ¢, (ca.
1 ppmv). Once again the standard suggests, that in stead of measur-
ing the area ‘B’, as illustrated in fig. 7, their preference is to measure

1.5

[Tol] (i)

t (h)

Fig. 7. Typical data set generated, i.e. toluene removed, in the toluene ISO standard,
for which the feed stream [toluene] is 1 ppmv. The hatched area B’ is proportional
to the amount of toluene removed. The key points are: (1) start of contact with the
acetaldehyde feed (t=0), UV lights on (| ) and UV lights off (1).

¢10 and the exit level (the average of 3 or more measurements in
the last hour of the testing period; ¢ 7). These values should then be
used in equations of the same form as Eqgs. (16) and (17), i.e.

Fr = ¢TO — ¢T (2-1)
¢To
17(60)= 60 (¢10 — ¢1) (335 (22)
22.4
where nr (60) is the amount of toluene removed (in wmol) in the
last hour of the test. As with the acetaldehyde test it is suggested
that the value of ny (60) should be reported, but the reporting of the
fraction of toluene removed, Fr, is optional. Once again, we suggest
here that the value of ny should be reported instead, as calculated
using Eq. (15), since it is more consistent with the NO ISO standard.

3.5. General Pros and cons

All three air-purification systems described above are reason-
able standards since the test pollutants, i.e. NO, acetaldehyde and
toluene, are well-recognised, common pollutants, found in indoor
and outside air. NO is particularly popular as a test pollutant as
many photocatalysts appear able to effect its removal; which is
possibly not surprising given the standard electrode potential for
NO oxidation to NO3~ is only 0.957V vs. NHE, whereas the redox
potential of valence band holes on anatase titania, for example, is
+3.0Vvs.NHE at pH 0 [1].

One possibly unavoidable concern with respect to the air-
pollution photocatalyst standards is that each individual sub-test
requires often different and expensive analytical equipment.
Details of the analytical equipment required are given in Table 2
and in most cases they also require a reasonable degree of tech-
nical support for operation and maintenance. Another concern is
that the preconditioning treatment is inconsistent for the three
different standards, and poorly defined. This situation can be
markedly improved by simply adopting the same, well-defined pre-
conditioning protocol, such as conducting it in the photoreactor
itself, with an air flow rate of 31min—!, with a UVA irradiance of
1mW cm~2 and a relative humidity of 50%, for say 24 h. This set
of conditions would, of course comply with the pre-condition pro-
tocol set out in the existing acetaldehyde and toluene standards.
However, by defining the preconditioning step more exactly and
making it the same for all three air-pollutant published ISO stan-
dards, it is likely to improve the lab-to-lab repeatability of the
standards. For the sake of streamlining and unifying the tests, it
would also seem sensible and consistent that all three adopt the
same approach towards data analysis. Thus, we suggest that all
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three tests use the relevant simple area related Egs.: e.g. (9) (for
nNo, in NO test)) and (14) and (15) for the acetaldehyde removal
(and CO, generation) and toluene removal tests, when calculating
pollutant removal efficiencies.

4. 1SO 10676: 2010: test method for water purification
performance of semiconductor photocatalytic materials by
measurement of forming ability of active oxygen [10]

This standard has been designed ‘to determine the water
purification performance of photocatalytic materials by exposing
a [photocatalyst] specimen [under test] to model water [model
water]: in that it has a well defined level of a test pollutant,
[dimethyl sulfoxide, i.e. DMSO] under illumination of ultraviolet
light’; thus this standard is meant to relate to waste-water treat-
ment. DMSO is a colourless, highly hygroscopic, thermally and
chemically stable organic solvent widely used in the laboratory and
industry. It is used in the production of microelectronic devices,
polymers, dyes and membranes. It is used as a bio-preservative,
especially in stem cell banking, and is an effective, safer paint
stripper compared to the more conventional dichloromethane. It
is not, however, a well recognised waste-water pollutant, nor a
well-studied test pollutant for photocatalysis. As a consequence, its
choice as a model test pollutant for photocatalytic materials seems
initially incongruous, especially when there are many other pollu-
tants, such as methylene blue [15], acid orange 7 [49], phenol [50],
4-chlorophenol [51], and dichloroacetic acid [52], which have been
very well-studied as photocatalytic test pollutants for waste-water
remediation.

4.1. Key reactions

As the rather long and slightly unclear title for the standard sug-
gests, DMSO was selected as the test pollutant because of its estab-
lished rapid reaction with hydroxyl radicals (k=5.4 x 109 M~1s-1)
[53]. This reaction leads to the formation of methane sulfinic acid,
which is rapidly oxidised to methane sulfonic acid and, ultimately,
sulphuric acid [54,55]. Presumably the overall photocatalytic pro-
cess can therefore be summarised as follows:

(CH3)250 + 205 — CH3SO;H + CO, +H,0 (23)
2CH3S0,H + 0, %L 2CH3503H (24)
CH3SO3H + 205 — HS04 + CO, + H,0 (25)

Note: itis also possible some intermediate level of formaldehyde
may be generated as is known to occur during the reaction of DMSO
with hydroxyl radicals.

4.2. Procedure

Before carrying out the test, each sample is cleaned photocat-
alytically by exposing it to UV light for a set period of time, details
of which are given in Table 1. The photoreactor test system is illus-
trated in Fig. 8 and comprises a UV light source (1), irradiance
2mW cm2, irradiating the sample (3), 10 cm square, over which is
passed a circulated 5 mm deep stream of water (2), containing the
test pollutant, DMSO, (10 ppm), pumped using a peristaltic pump
(4). The concentration of the DMSO is monitored by ion or gas chro-
matography, during a 5 h illumination of the system. The room in
which the test is carried out should be maintained in the range:
20-25°C.

A plot of a typical data set, i.e. the measured concentration of
free (i.e. not adsorbed) DMSO, [DMSO]y, vs. irradiation time, for a
granular photocatalyst is illustrated in Fig. 9, along with the first-
order plot of the data (insert diagram). The latter can be used to

Fig. 8. Irradiation set up for the DMSO water purification ISO standard, comprising:
(1) UV light source, (2) polluted test water stream containing 10 ppm of DMSO, (3)
sample under test and (4) a peristaltic pump for circulating the pollutant.

determine the first order rate constant, kq, for the photocatalysed
reaction (23), and the half-life for the photoreaction, t;,, given:
t1j2=In2[kq; in the case of the data in Fig. 9: t;, =2.23 h. In this ISO
standard, it is the value for t;, that is reported.

4.3. Pros and cons

The test appears very straightforward and the number of inter-
mediates generated is limited and easily monitored. Significant
adsorption of the test pollutant appears unlikely, which cannot
always be said for some dye tests, such as those using methylene
blue [26] or acid orange 7 [29].

As for the disadvantages, it is not an obvious choice for a test
pollutantanditis not clear why, say, phenol was not used instead, or
as an alternative, since it can be readily monitored not only by HPLC
but also UV/Vis spectrophotometry and it also is unlikely to adsorb
strongly on most photocatalytic materials [56,57]. The DMSO ISO
test requires access to ion-chomatography or gas chromatography;
possibly both if the concentration of methyl sulfonic acid (MSA)
photogenerated needs to be monitored as well as that of DMSO.
In terms of procedure, the temperature of the test would be better
defined as 25°C, rather than the broad range of 20-25°C and the
initial pH of the reaction solution, in contact with the photocatalyst,
should be set, say at pH 5.5.

Curiously, the test stipulates a test validation condition that,
after the 5 hillumination period the measured DMSO concentration

10

In([DMSO],
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t/h

Fig. 9. Typical data set generated, i.e. DMSO removed vs. irradiation time, in the
DMSO ISO standard, for which the feed stream [DMSO] is ca. 10 ppm. The insert
diagram is a log plot of the data in main diagram, revealing the first order nature of
the kinetics of DMSO removal by semiconductor photocatalysis and from which a
first order rate constant, ki, and so half-life can be calculated.
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must be less than that of the original (dark) DMSO solution! This
validation condition appears unnecessary, given that if it did not
hold the material under test would simply be reported as being non-
photocatalytic! The standard also suggests that it is necessary to
confirm that ‘MSA products accompany DMSO oxidative decompo-
sition’. This second validation requirement appears to add little as it
is not suggested to relate the MSA generated to the DMSO removed,
but rather just to confirm the presence of MSA as an intermediate;
it seems unlikely that DMSO is photoadsorbed to any significant
extent. If the generation of MSA has to be confirmed, the latter may
be achieved (albeit indirectly) via a pH measurement, rather than
the more expensive application of ion-chromatography.

5. ISO 27448: 2009: test method for self-cleaning
performance of semiconductor photocatalytic materials -
measurement of water contact angle [7]

In this test, an organic material (oleic acid, CigH3405) is applied
and the change in the wettability of the semiconductor substrate,
as measured via its water droplet contact angle, is then monitored
as a function of UVA irradiation time. When the contact angle is
<5°, the measurement is finished and the value of the contact angle
and the time taken to achieve it are reported. It is claimed that the
test ‘simultaneously evaluates the decomposition of the organic
substance and change of water affiliation [sic, affinity].’

5.1. Key reactions

An important, if not essential, feature of a self-cleaning,
photocatalyst-based coating is that they are able to improve their
wettability upon illumination. This process is often termed the pho-
toinduced superhydrophilic effect (PSH) and was first reported in
1988 by Kume and Nozu [58], working for the Nippon Itagarasu
company on titania films on glass. At the time it was explained
as being due to the simple photocatalytic destruction of adventi-
tious hydrophobic organic material deposited on the titania coating
on glass. This model of PSH has found strong support in recent
years [59,60] and underpins this ISO test. It should be noted oth-
ers [1,61] have suggested that PSH may be due to a photo-induced
restructuring of the surface of the surface of titania, indicating that
semiconductor metal oxide photocatalysts which show this effect
are intrinsically hydrophobic in the dark and rendered hydrophilic
by a photoinduced surface restructuring process that is able to
revert back to the former less hydrophilic form in the dark.

Regardless of mechanism, in the ISO test, once all the oleic acid
has destroyed via the photocatalytic mineralisation of the organic
top layer, i.e.
photocatalyst

2580, + 17H,0 (26)
hv>3.2eV

C1gH3407 + 25.50,

it is then expected that the water droplet contact angle will be
reduced to <5° for most photocatalytic materials used in self-
cleaning systems [62].

5.2. Procedure

Before carrying out the test, each sample, which is suggested to
be 10 cm square, is cleaned photocatalytically by exposing it to UV
light for a set period of time and details of this pre-treatment step
are given in Table 1. The measured contact angle at this point could
be used to judge when the photocatalytic process has removed all
the oleic acid, i.e. it may be a more appropriate guideline to a clean
surface than the stipulated contact angle of <5°. The application
of oleic acid can be made manually or by dipping. If carried out
manually, the sample is first weighed and then 200 p.l of oleic acid
are poured onto the centre of the sample and spread evenly over
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Fig. 10. Typical data set generated, i.e. water droplet contact angle, 6, vs. irradiation
time, in the contact angle/oleic acid ISO standard.

the entire surface using a piece of non-woven cloth. Excess acid is
then removed so that the total mass of the oleic acid deposited is
240.2mg, i.e. 20 pg cm—2, as measured by the increase in mass of
the sample. If dipping is chosen as the deposition method, the sam-
pleis placed in a 0.5% (by volume) solution of oleic acid in n-hexane.
However, this instruction begs the question: how long for?, since
it will make a difference for mesoporous films for example. Once
placed in the oleic acid solution the sample is then withdrawn at
a rate of 60cmmin~'. Curiously, no attempt appears to be made
to identify how much oleic acid is taken up via this dipping proce-
dure, which appears an oversight. Finally, the sample is then dried
at 70°C for 15 min.

After this coating procedure, the contact angle, 8, made by
a water droplet (no volume is recommended, which appears an
unnecessary omis