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For some model molecules (methanoic and ethanoic acids, methane, and phenol), systematic investigations of quantum yields
were carried out in the present paper, as a function of concentration and of absorbed radiant power. Quantum yields @, cal-
culated from rates, followed an apparently Langmuirian function of initial concentration Cy, by which @, values at “infinite”
concentration could be obtained. By having thus established that quantum yields of photomineralisation @, are independent
of radiation wavelength, within the absorption range of semiconductor, but depend on radiant power, such a dependency was
experimentally investigated. For all the investigated molecules, the maximum allowable values reached in the low radiant power
range clearly appeared as a plateau. On the contrary, at high radiant power values, another plateau, at a value of about 1/4-1/5
with respect to the maximum value, was evident. This was interpreted on the basis of a competition kinetics of hydroxyl radi-
cals with themselves, leading to hydrogen peroxide formation, other than with substrate or intermediate molecules leading to full
mineralisation. Modelling of quantum yields as a function of concentration and radiant power thus allows a fully consistent and
trustworthy design of photoreactors.
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1. INTRODUCTION

Since the 80s, photocatalysis on semiconductors has been
envisaged as one of the most promising methodologies to
purify water and air from organic micropollutants [1-8].
The principle, on which photocatalysis is founded, had been
discovered and investigated about ten years earlier in en-
ergy conversion by photoelectrochemical cells or in semicon-
ductor catalyzed hydrogen photogeneration from water [9—
15]. In both cases, photogenerated holes react with hydroxyl
groups of water to give hydroxyl radicals, while photogener-
ated electrons in deaerated water reduce hydroxonium ions
and cause hydrogen evolution. On the contrary, in aerated
water, the photogenerated conduction band electrons reduce
dissolved oxygen or other oxygen donors, added to this pur-
pose, to yield O,°7, in acid-base equilibrium with HO,".
The possibility of the latter reaction to take place quantita-
tively is of uttermost importance in environmental applica-
tions of photocatalyis, because, in the last case, oxidation of
organic compounds may be carried out by HO," together

with *OH radicals. This allows to obtain a fourfold maxi-
mum quantum yield with respect to that permissible if each
absorbed photon would be able to produce a single hydroxyl
radical only. This occurrence has been shown as effective
[16-18] when using, for example, ozone as oxygen donor,
and when promoting the activity of the semiconductor by
suitable doping agents, such as Co(IIl) or V(V), coimmo-
bilised with the semiconductor itself in a membrane struc-
ture, and acting as scavengers of generated photoelectrons.
On the same side of this problem, it had been suggested
theoretically [19] and experimentally proven [20] that the
quantum efficiency of oxidation of hydrocarbons dissolved
in water on illuminated #-TiO, was limited by the O, re-
duction rate. This semiconductor does not possess a suffi-
cient density of shallow, near-surface electron traps to assist
in the O, reduction process. This causes, in turn, accumu-
lation of electrons on the semiconductor and acceleration
of the rate of radiationless electron-hole recombination, a
process which heads the loss of the semiconductor photoac-
tivity. On the contrary, incorporation of group VIII metals
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as cocatalysts [20-22] promotes electron transfer to O, dis-
solved in water, and thus increases the overall quantum effi-
ciency.

As a consequence, among the major problems in pho-
tocatalysis, from the point of view of environmental appli-
cations, two aspects readily emerge. First of all, the neces-
sity of evaluating quantum yields, in order to establish if ox-
idation processes of organic micropollutants are led by *OH
radicals only, and to what extent, or also by other labile oxy-
gen species, such as HO,® together with *OH radicals, and
to what extent, as it has been underlined above. Secondly,
the necessity of reaching the highest performance possible in
photocatalytic reactors, in continuous mode, from the en-
gineering point of view [23]. Unfortunately, these two de-
cisive aspects seem to be rather neglected in the literature,
and only recently [23] their importance has been empha-
sized.

In preceding works of this series (see, e.g., among the
most recent ones [18, 24, 25], and references cited therein)
the attention has been concentrated primarily on immobil-
isation of photocatalyst, as well as of its photopromoting
agents, acting as scavengers of photogenerated electrons, in
a membrane structure, since modular membrane photoreac-
tors are probably the best candidates [23] in terms of per-
formance and energy efficiency. Second, and parallel, great
consideration and interest have been directed to the evalu-
ation of quantum efficiencies, particularly by a detailed in-
vestigation, at a laboratory-scale level, as a function of con-
centration and absorbed radiant power, carried out [26]
on methanoic and ethanoic acids in aqueous solution. In
the present paper, this study has been extended to methane
and phenol in aqueous solutions, as model molecules of
aliphatic and aromatic compounds, at a laboratory scale for
the former and at a pilot plant scale for the latter. System-
atic investigations of quantum yields were carried out, as a
function of initial concentration of substrates, and of ab-
sorbed radiant power, in order to interpret and rationalise
the whole matter by adequate modelling, by using both
the data of the present work and those of previous paper
[26].

2. EXPERIMENTAL DETAILS
2.1. Materials

Methane and phenol were obtained from Fluka (purity
greater than 99.8%). They were used as received with no
further purification. Their aqueous solutions were prepared
with ultrapure water (maximum contents of Na* and heavy
metal ions 0.02 and 0.004 mg Kg™!, resp.): this was obtained
by cross-flow ultrafiltration on composite membranes im-
mobilising active carbon and nuclear grade ion exchange
resins, as described [27]. Concentrations of substrates were
varied in the range 0.1-10.0 ppm (mass expressed as car-
bon/volume) for methane and in the range 10.0-1000 ppm
for phenol. Stoichiometric hydrogen peroxide was added in
all experiments.

2.2. Photocatalytic membranes

The photocatalytic membranes (PHOTOPERM BIT/313),
kindly supplied by BIT srl, Milan, I, were standard mem-
branes, immobilising 30 = 3 wt% of titanium dioxide (P25
by Degussa, Germany) and no photocatalytic promoter, as
cocatalyst. Photocatalytic membranes [28] were described
and characterised in previous studies. These membranes
were prepared (patents pending) by grafting and graft-
polymerising, onto a nonwoven polypropylene tissue, 250 =
9gm™2 of a prepolymeric blend containing 30 + 3 wt% of
titanium dioxide (P25 by Degussa, Germany), in the pres-
ence of proprietary photoinitiating and photosensitising sys-
tems. Electron micrograph of the surface top layer of one of
these membranes is shown in Figure 1. Aggregates of the tita-
nium dioxide nanopowder, anchored and immobilised onto
the microporous channels of the membrane, may be clearly
observed.

2.3. Apparatus, procedures, and modelling

Experiments with methane solutions, in a laboratory-scale
photoreactor, were carried out exactly as illustrated in [25].
The only difference in the procedure was that all sets of ex-
periments, each of them as a function of initial concentra-
tion of substrate Cy, were repeated by varying the radiat-
ing power in each set. A high-pressure mercury arc lamp
with a nominal power of 0.50 kW was employed, kindly sup-
plied by BIT srl (Milan, Italy): it was further provided with
a step-by-step power regulation device, so that power ab-
sorbed by the membrane, as determined actinometrically,
could be varied between 0.10 and 4.35 Wem™!. The mem-
brane being concentric to the lamp in the photoreactor used,
absorbed power per unit length of lamp was also the same,
if referred to unit length of membrane. At 0.30 Wem™! the
overall power absorbed by the membrane, within the absorp-
tion range of immobilised semiconductor, in the experimen-
tal conditions of the present work, was 30 W, correspond-
ing to 4.45 X 107 Einstein s™!. This same ratio between ab-
sorbed power per unit length of membrane and photon flux
was of course operative at lower and higher values of ab-
sorbed power. In this paper, as well as in all preceding papers
of this series, when the concerned laboratory-scale experi-
ments were carried out in the presence of hydrogen peroxide
as oxygen donor, the radiating flux, unless otherwise stated,
being filtered by a suitable borosilicate glass, corresponded
to a radiation wavelength range from the band gap of TiO,
downwards to 315 nm, so that direct photolysis of hydrogen
peroxide to give hydroxyl radicals was inhibited. Owing to
the refrigeration system of the lamp, by means of water cir-
culating in the photoreactor, mean temperature during the
runs was 308 + 2 K.

Experiments with phenol solutions, in a pilot plant-scale
photoreactor, equipped with 9 membrane modules, were car-
ried out exactly as described in [18]. The only difference in
the procedure was that all sets of experiments, each of them
as a function of initial concentration of substrate, were re-
peated by varying the radiating power in each set, and by
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F1GUrE 1: Electron micrograph (scale shown on figure) of the sur-
face top layer of a membrane (PHOTOPERM® BIT/313) prepared
by photoinitiated grafting and graft-polymerisation onto a nonwo-
ven polypropylene tissue of 250 gm~?2 of a prepolymeric blend con-
taining 30 + 3 wt% of titanium dioxide (P25 by Degussa, Germany)
in the presence of proprietary photoinitiating and photosensitising
systems.

using in each module the same kind of lamps described in
the preceding paragraph, relative to methane experiments.
In all kinds of experiments, both at a laboratory-scale and
at a pilot plant-scale level, the diameter of the photocatalytic
membrane was 5.8 + 0.1 cm.

In the present, as well as in previous papers of this series,
membranes were placed and fixed coaxially with the lamp,
either in laboratory-scale or pilot plant-scale photoreactors
in such a way that the flow was perpendicular to the mem-
brane. Owing to the microporous structure of the membrane
(see Section 2.2), the pressure drop was negligible: it corre-
sponded to 0.8—1.5 mm Hg when the flow rate was 2 m3/h in
each module.

In each set of experiments, the absorbed radiant power
per unit length of photocatalytic membrane was first fixed
at some chosen value in the range 0.10-4.4 Wem™!, and the
disappearance of substrate, as well as the total organic car-
bon (TOC) mineralisation, were followed kinetically, as a
function of Cy. To interpret experimental data the kinetic
model was employed [24, 25] by which mineralisation of
substrate to CO, was supposed to occur by kinetic constants
ki through one single intermediate mediating the behaviour
of all the numerous real intermediates formed in the path
from the substrate to CO, (kinetic constants of formation of
the latter being k,). A competitive Langmuirian adsorption
of both substrate and “intermediate” was also supposed to be
operative, as expressed by apparent adsorption constants K;

and K, possessing a, partly at least, kinetic significance. By
Langmuir-Hinshelwood treatment of initial rate data, start-
ing values of the k and K couples were obtained, from which,
by a set of differential equations [24, 25], the final optimised
parameters, k; and K, k; and K3, were calculated, able to fit
the whole photomineralisation curve, and not only its initial
segment, as the Langmuirian parameters do. In particular, K;
and K; showed very similar values, and very often coincided,
within the limits of experimental and modelling uncertainty.
By using the optimised parameters above, the rates of pho-
tomineralisation were evaluated as a function of initial con-
centration, and consequently, by knowing the photon flux,
the quantum yields @, were obtained. Quantum yields @y,
calculated from rates, followed an apparently Langmuirian
function of initial concentration Cy, by which ®., values at
“infinite” concentration could be obtained:

1 1 1
O D (cbchK)’ )
where the K value substantially coincided with the K, con-
stant of the four-parameter kinetic model above for all the
molecules investigated.

Finally, by repeating all sets of experiments, at different
values of the absorbed radiant power per unit length of pho-
tocatalytic membrane, which was varied in the range 0.10—
4.4Wcm™!, and by applying (1) to each set of these experi-
ments, the @, values as a function of the absorbed radiant
power, per unit length of photocatalytic membrane, were ob-
tained.

3. RESULTS AND DISCUSSION

Photomineralisation of methane in aqueous solution, in a
laboratory-scale reactor, and in a concentration range cor-
responding to 0.10-10.0 ppm (mass/volume) of carbon, as
well as of phenol in aqueous solution, in a pilot plant-scale
reactor, and in a concentration range corresponding to 10.0—
1000 ppm (mass/volume) of carbon, was studied at 308 +
2K by polychromatic irradiation with a photon flux, which
was varied in the range 0.10-4.4 W/cm (see Section 2), in
the presence of stoichiometric hydrogen peroxide as oxygen
donor, by photocatalytic membranes immobilising 30 + 3%
of titanium dioxide. Kinetics of both substrate disappear-
ance, to yield intermediates, and total organic carbon (TOC)
disappearance, to yield carbon dioxide, were followed.

By employing a kinetic model based on four parameters,
thoroughly described in preceding papers (see, e.g., [24]),
mineralisation of substrate to CO, was supposed to occur
through one single intermediate mediating the behaviour of
all possible intermediates formed in the way from the sub-
strate to CO,. This also implies that both substrate and sim-
ulating “intermediate” showed a competitive apparent Lang-
muirian adsorption onto the immobilized semiconductor, as
expressed by apparent adsorption constants K; and K, re-
spectively, while the kinetic constants k; and k; articulated
the degradation of substrate and “intermediate,” respectively.
When both k and K couples, for substrate and “intermedi-
ate,” are accessible experimentally, as in the present work,
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FiGure 2: Quantum efficiencies @, (mol/Einstein), extrapolated
by (1) (see Section 2), at “infinite” concentration of substrate for
methane in aqueous solution as a function of absorbed power per
unit length of irradiated photocatalytic membrane expressed as
Wem™,

that is, when initial rate data, relative to substrate, and TOC
as well, have been measured, they may be first treated by
the classical Langmuir-Hinshelwood equation. The respec-
tive values drawn by the Langmuirian model are unable to
describe the whole curve of mineralisation. They may be
used, however, as starting values of the model above to draw
from the differential equations of this model an optimisation
of the whole temporal kinetic curves of substrate and TOC
until consistency is reached and the best fitting of experimen-
tal curves is obtained.

By using the optimised parameters above, the rates of
photomineralisation were evaluated as a function of initial
concentration Cy at a fixed value of photon flux, and con-
sequently, by knowing the photon flux from the ratio of the
rate to the photon flux, the quantum yields ®y correspond-
ing to Cy were determined. Quantum yields @, calculated
from rates, followed an apparently Langmuirian function of
initial concentration Cy, as expressed by (1) (see Section 2).
Through this equation, ®,, values at “infinite” concentra-
tion could be obtained. By these sets of experiments, and
by finally varying the photon flux in each set, the experi-
mental dependency of @, on the absorbed radiation power
per unit length of photocatalytic membrane, expressed in
Wem™! (see Section 2) could be evaluated.

The K values obtained for methane and phenol, by linear
regression of (1) (see Section 2), were 0.098 + 0.003 (ppm
C)~! and 0.035 + 0.001 (ppm C)~!, respectively, where the
uncertainties are expressed as probable errors. The K value
practically coincides, for methane, with the value of K;, or
with an intermediate value between K; and K, expressed in
the same units as obtained from modelling of experimental
data by the four-parameter kinetic model in [25]. For phenol
too, the K value practically coincides with K; ~ K;, expressed
in the same units, as obtained from the analogous modelling
of experimental data [18].

From the previous data concerning the methanoic and
ethanoic acids [26], the K values following (1), 0.010 £ 0.001
(ppm C)~! and 0.026 = 0.001 (ppm C)~!, respectively,

Absorbed power per unit length of membrane (W/cm)

F1GURE 3: Quantum efficiencies @, (mol/Einstein), extrapolated by
(1) (see Section 2), at “infinite” concentration of substrate for phe-
nol in aqueous solution as a function of absorbed power per unit

length of irradiated photocatalytic membrane expressed as Wem ™!,

similarly coincide with the mean values of K; ~ Kj, or their
mean, the latter representing apparent thermodynamic con-
stants [26] for the four-parameter kinetic modelling which
has been carried out for these molecules [26].

From this coincidence, as well as from the analytical form
of (1), it may immediately be inferred that quantum yields
@, represent the photochemical counterparts of kinetic con-
stants, in the Langmuirian sense, and thus follow the same
competition function between interfacial electronic transfer
and recombination of charge carriers onto the semiconduc-
tor surface.

Furthermore, by (1) (see Section 2), the extrapolated val-
ues of O, as a function of absorbed radiation power per unit
length of membrane can be evaluated, as reported in Fig-
ures 2, 3, 4, and 5, for methane, phenol, methanoic acid, and
ethanoic acid, respectively.

In Figures 2-5, some common features may be immedi-
ately remarked. Firstly, two plateaux of nearly constant Q.
values appear in these curves: the former at low values of
photon flux, and the latter at high values of this flux. The
higher values of these limiting @, plateaux substantially co-
incide, within the limits of experimental and modelling un-
certainty, with the maximum allowable quantum yields @«
evaluated as the reciprocal of the number of hydroxyl radi-
cals imposed by stoichiometry to mineralise one molecule of
substrate, in the hypothesis that the mineralisation process is
carried out by *OH radicals only. These @y, values amount,
respectively, to 0.125, 0.0357, 0.50, 0.11 mol/Einstein for
methane, phenol, methanoic acid, and ethanoic acid, respec-
tively. The values of the second ., plateau, corresponding to
the high photon fluxes area, on the contrary, are lower than
the maximum allowable quantum yields @y, by a factor of
around 1/4-1/5 (1/3.95 for phenol). At intermediate photon
fluxes, transitional values between the two plateaux are ob-
served.

In order to enlighten and explain this behaviour, a com-
petition kinetics of the reaction of hydroxyl radicals with
themselves to give hydrogen peroxide, accompanied by the
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FIGURE 4: Quantum efficiencies @, (mol/Einstein), extrapolated
by (1) (see Section 2), at “infinite” concentration of substrate for
methanoic acid in aqueous solution as a function of absorbed power
per unit length of irradiated photocatalytic membrane expressed as
Wcm™!. Data taken from [26].

reaction of these radicals leading to mineralisation of sub-
strate may be envisaged, that given by reactions (a) and (b):

‘OH + *OH — H,0, (a)
the rate of which r, may be written as
Tg = ka . C.ZOH, (2)

where k, is the rate constant of reaction (a), and C.oy the
concentration of hydroxyl radicals:

*OH + substrate (or intermediates) — mineralisation

(b)
the rate of which r, may be written as
ty = kp - Cs - C-on, (3)

where k; is the rate constant of reaction (b), and Cg is the
concentration of substrate or intermediates on the surface
of the photocatalytic membrane onto which mineralisation
takes place.

At low photon fluxes, at which the concentration of hy-
droxyl radicals formed by irradiation onto the semiconduc-
tor surface is relatively low, reaction (a) is certainly negligi-
ble with respect to reaction (b), so that a quantum efficiency
equal or very near to the maximum one allowable may be
attained. Conversely, when photon fluxes increase above a
certain value, the competition kinetics may be the operative
mechanism at an overall rate r given by

r=r,t+np (4)

and a mineralisation yield (effective quantum efficiency)
given by a factor rp/r of the maximum allowable quantum
efficiency. In order for this factor to possibly work, two con-
ditions are needed. Scavenging of photogenerated electrons
of the conduction band e ¢p should be quantitative, and it
should not give rise to species, radicals, or others, interfering
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FIGURE 5: Quantum efficiencies @, (mol/Einstein), extrapolated
by (1) (see Section 2), at “infinite” concentration of substrate for
ethanoic acid in aqueous solution as a function of absorbed power
per unit length of irradiated photocatalytic membrane expressed as
Wcem™!. Data taken from [26].

with reactions (a) and (b), or able to vary quantum efficiency
with respect to the maximum value, the latter being given
by the production of hydroxyl radicals solely by reaction of
water with holes as stated above. This kind of scavenging is
compatible with reactions (c) and (d) occurring at compara-
ble rates, and followed by reaction (e):

e cg+H,O, — *OH+OH, (c)
e cg+0r, — O, /HO,®, (d)
HO,®* + *OH — O, + H,0. (e)

If these reactions take place quantitatively, in the order
given, radical reactivity is controlled by (4), the r,/r factor
reaching the maximum value permissible (approaching the
unity) when r, is much less than ry, a situation achieved at
very low values of the photon flux.

In order to verify the suitableness of kinetic model de-
fined by (2)—(4) above, also in the condition of high photon
fluxes, when the r,/r factor of the maximum allowable quan-
tum efficiency corresponds to the lower plateau in curves
such as those of Figures 2-5, the k; values should be de-
termined for the photocatalytic membrane reaction corre-
sponding to (3), given that the k, value (4.3 x 10° M~1.s71)
may be reasonably accepted to be independent on the sup-
port, and is known from the literature [29]. Relative to the
four molecules examined in the present paper, the k;, value
(1.4 x 10" M~!.s71) has been measured for TiO, immo-
bilised in photocatalytic membranes, only with phenol as
substrate [30]. Consequently, for this case, the ability of (2)-
(4) to fit experimental data of Figure 3 may be checked, by
considering that @y, and therefore @, values are determined
in limiting conditions of Cy — oo, and an acceptable physi-
cal condition for Cy — oo corresponds to Cy values of 1073~
1072 M. By assuming, in this range of values, that concentra-
tion of hydroxyl radicals is about tenfold with respect to the
substrate concentration, that is, 1072-10"! M, respectively,
which is quite reasonable in the experimental conditions of
the high photon fluxes used, by (2)—(4), a plateau value of
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FIGURE 6: Quantum yields @, (mol of methane/Einstein) as a func-
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FIGURE 7: Quantum yields @, (mol of phenol/Einstein) as a func-
tion of initial concentration Cy expressed as ppm (mass/volume) of
carbon and of absorbed power per unit length of lamp (and mem-
brane) expressed as Wem ™.

about 1/4, with respect to ®@nax, may be calculated, in per-
fect agreement with value of Figure 3. To conclude, the ki-
netic model above is fully consistent with experimental data
both in the low and in the high range of photon fluxes. Fur-
thermore, the small variability of the r,/r factors, shown in
Figures 25, ranging from 1/4 to 1/5, even for a small group
of molecules, but with a big difference in chemical nature,
from aliphatic to aromatic compounds, may originate from
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FIGURE 8: Quantum yields @, (mol of methanoic acid/Einstein) as
a function of initial concentration C, expressed as ppm (mass/vol
ume) of carbon and of absorbed power per unit length of lamp (and
membrane) expressed as Wem ™!,
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FIGURE 9: Quantum yields @y (mol of ethanoic acid/Einstein) as a
function of initial concentration C, expressed as ppm (mass/vol
ume) of carbon and of absorbed power per unit length of lamp (and
membrane) expressed as Wem ™!,

the fact that the k;, values [30] are very near to 10'° M~!-s71,
and change very moderately within an approximate factor of
0.5 to 2, with change of the chemical structure.

Finally, by combining (1) with the graphs of the curves of
Figures 2-5, complete modelling of quantum yields of pho-
tomineralisation as a function of Cy and of absorbed radiant
power per unit length of membrane is possible, as shown in
Figures 6, 7, 8, and 9 for methane, phenol, methanoic acid,
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and ethanoic acid in aqueous solutions, respectively. These
curves, of course, display, in the planes of constant concen-
tration, the behaviour of curves of Figures 2-5 discussed
above. In the planes of constant absorbed power per unit
length of membrane, on the contrary, Langmuirian-type per-
formance, reaching “saturation” at high concentration val-
ues, evidences the four-parameter kinetic model used to in-
terpret and rationalise rates over the whole mineralisation re-
action profiles. To sum up, modelling of quantum yields as a
function of concentration of substrate undergoing minerali-
sation, and of radiant power per unit length of photocatalytic
membrane thus allows a fully consistent and trustworthy de-
sign of the membrane photoreactors.

4. CONCLUSIONS

Quantum yields of mineralisation of substrates in annu-
lar photoreactors immobilising the photocatalyst in a mem-
brane structure show a Langmuirian-type dependency on
initial concentration of substrates themselves, by which lim-
iting quantum yields, corresponding to “infinite” concentra-
tion may be calculated, together with an apparent thermody-
namic constant coinciding with the corresponding parame-
ters of a kinetic modelling based on four parameters, and able
to fit the whole kinetic curve up to complete mineralisation.

These limiting quantum yields depend on radiant power
absorbed per unit of membrane length in the cylindrical ge-
ometry of photoreactors. In the low radiant power range they
take the shape of a plateau corresponding to the maximum
allowable quantum vyields, thus showing the excellent per-
formance of the photocatalytic membrane reactors. On the
contrary, at high radiant power values, another plateau is ev-
ident, at a value of about 1/4-1/5 with respect to the maxi-
mum value. This was interpreted on the basis of a competi-
tion kinetics of hydroxyl radicals with themselves leading to
hydrogen peroxide formation, other than with substrate or
intermediates molecules leading to full mineralisation.

By combining the dependency of quantum vyield from
concentration with that of limiting quantum yields on radi-
ant power absorbed per unit length of membrane, compre-
hensive modelling of quantum yields as a function of concen-
tration of substrate and radiant power may be satisfactorily
obtained.
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