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Decontamination of opaque fluids using photocatalysts and near Ultraviolet (UV) irradiation involves major technical
challenges. This study considers a thin TiO2 layer placed in a new Chemical Reactor Engineering Centre (CREC)-pho-
toreactor cell. This new photoreactor cell is used for the photocatalytic degradation of malic and malonic acids, typical
apple juice components. Conversion of organic species can only proceed through the “dark side” of the TiO2 layer,
which is in direct contact with the fluid. Under the selected operating conditions both external mass-transfer limitations
and photolysis are found to be negligible. Macroscopic radiation balance shows that 92% of near UV radiation is
absorbed by the ‘back side” of the TiO2-film. Photocatalytic degradation experiments with 10, 20, 30, and 40 ppm malic
acid initial concentrations, show that malonic acid is a main intermediate. Complete malic acid conversion occurs after
5–8 h of irradiation. Kinetic modeling of malic and malonic acid photodegradation with kinetic parameter estimation is
performed using both an “in series” and an “in series-parallel” reaction networks. The “in series-parallel” reaction
network displays better ability for predicting CO2 formation, showing maximum quantum yields of 14.2%. Given that in
the CREC-photoreactor cell with a thin TiO2-film, photocatalysis can only proceed via the transfer of mobile “h1” sites
from the irradiated side to the “dark side’, this study demonstrates the significance of this step on the overall photoca-
talysis mechanism. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 3286–3299, 2014
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Introduction

Photocatalysis, using TiO2 as a catalyst, is a well-known
process for the degradation of pollutants in water treatment.
A photocatalytic reaction starts when the semiconductor cat-
alyst is irradiated by a light source with a wavelength range
smaller than 400 nm (optimum 365 nm) and with a higher
energy than the energy of the catalyst’s band gap.1,2 The
light is absorbed by the catalyst creating electron-hole pairs.
The holes react with water producing OH radicals and the
electrons react with the dissolved O2 producing oxidant spe-
cies. Both holes and electrons react by degrading the organic
molecules present in the solution into CO2 and H2O.

Photocatalytic reactions can be performed with the catalyst
in suspension or immobilized on a thin film or a mesh.
Although a photocatalyst in suspension is the most general
form used for the photocatalytic process, it appears to pres-
ent some limitations. The most significant one is the filtra-
tion requirement to remove the catalyst at the end of the

reaction. Conversely, the use of photocatalyst films has the
benefit of not requiring the water effluent to be filtered,
introducing significant cost, and time savings in industrial
scale processes.

Many semiconductors have been used in photocatalytic
processes. In this respect, TiO2 is the measuring “stick”
against which emerging materials are compared. There are
two types of TiO2 catalysts available: anatase and rutile.
Degussa P25 has been extensively used for photocatalytic
reactions as it is composed of a mixture of anatase and
rutile. This catalyst presents a band gap energy of 3.2 eV.
Thus, any photon with a wavelength smaller than 388 nm is
capable of exciting the Degussa P25 promoting photocata-
lytic degradation.2

Charge carrier mobility in semiconductor films was per-

formed by a number of authors.3–7 In particular, Enright and

Fitzmaurice3 studied nanocrystalline TiO2 (anatase) films at

300 K, reporting an electron mobility and an electron diffu-

sivity of 0.4 3 1024 m2/(V s) and 1 3 1026 m2/s respec-

tively. Conversely, the same authors reported an electron

hole mobility and a diffusivity of 1.6 3 1023 m2/(V s) and

4 3 1025 m2/s. On the basis of this data, these authors cal-

culated the time required for a carrier to transit from the
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interior of the TiO2 crystallite to the surface. It was observed

that an electron in a 8 nm (4 nm radius) particle displays a

transit time of 2 ps. Furthermore, the transit times for elec-

tron holes can be assessed at 0.4 ps. Thus, expected electron

and hole velocity is 2000 and 10,000 m/s, respectively.
Ultraviolet (UV)-light treatment is a well-known technique

used for the disinfection of fruit juice due to its capacity to
attain the 5-log CFU/mL microorganism reduction. This is
accomplished without producing significant changes in the
sensorial and physical–chemical characteristics of the juice.8

According to Hanes et al.8 a semitransparent juice, such as
apple juice, absorbs UV-light at 253.7 nm and only a small
amount of the light emitted reaches both organic molecules
and microorganisms.9

Due to the low penetration of light in these fluids, UV
systems are usually designed with the fluid injected as a thin
film.8,10,11 It was proven by Duffy et al.10 that the effective-
ness of the 5-log CFU/mL reduction of Escherichia coli
using a thin film system with 10-UV lamps. In the light of
these findings, new methods for the degradation of microor-
ganisms in fruit juice are needed. One possible alternative
could be the use of advanced oxidation methods for juice
decontamination. These methods have been very successful

for the degradation of organic pollutants in water and appear

to be a very good alternative for organic acids degradation

in opaque fluids.
Different methods for the preparation of photocatalyst films

have been developed on surfaces such as glass, quartz, stain-
less steel,12 and optical fibers.13 Their preparation involves
different processes including the immersion of a support
in titanium mixtures, drying, and calcination, among
others.1,13–17 These methods are time consuming and costly in
terms of materials and equipment. Thus, new techniques for
photocatalyst immobilization at a low cost may be of great
importance for the photodegradation of organic acids in water
and for their subsequent application in opaque fluids.

Although there are many organic molecules in common

between fruit juice media and wastewater, differing techni-

ques have been used for their decontamination. Opaque flu-

ids such as fruit juice have as main components organic

acids. These chemical species are classified as weak acids

and are frequently formed as intermediates from the incom-

plete degradation of organic species.18 Although organic

acids do not appear to be hazardous compounds, their study

is extremely important to understand how degradation meth-

ods influence the main chemical composition of opaque flu-

ids media such as apple juice.19

The photocatalytic degradation of microbial microorgan-

isms such as E. coli in water media using TiO2, both in sus-

pension and immobilized, has been reported by diverse

authors.20–22 These studies show good promise for photoca-

talysis applications with a 5-log CFU/mL pathogen reduction

reached in water media. Moreover, the use of photocatalysis

for organic acid photodegradation in water using suspended

and immobilized TiO2 has also been reported more

recently.2,23,24 In the case of opaque fluids, photocatalyst

films appear as an alternative to overcome the high absorp-

tion of irradiation by these fluids. In this respect, one can

envision immobilized TiO2 on various thin film substrates.

This is required to combine good microbial microorganism

inactivation and very limited photodegradation of malic acid

and its intermediates, preserving sensorial properties of opa-

que fluids.

The present investigation contributes with a comprehen-
sive study of the photocatalytic degradation of selected
organic acids, major apple juice components. The chosen
approach is to use an immobilized photocatalyst thin film,
placing it under near UV-light source irradiation. The photo-
catalyst layer is prepared by coating a square quartz window
using a UV-transparent/waterproof glue and a 1.5 wt % TiO2

solution in water. The apparatus is completed with a near
UV-light source strategically located to secure a high degree
of irradiation of the thin film. The Chemical Reactor Engi-
neering Centre (CREC)-Photo reactor cell is equipped with
the required spectrophotoradiometer to perform measure-
ments which provide the data for macroscopic radiation bal-
ances. Using this setup, the TiO2 layer side in direct contact
with the fluid is not directly irradiated. Therefore, only
mobile “h1” holes are able to contribute to photoconversion.
Thus, in addition to establishing a valuable approach to
describe malic acid and malonic acid degradation using TiO2

thin films under near UV-light, our results allowed us to
demonstrate the unique role of mobile h1 charges on TiO2-
films. As well and from a practical standpoint, this study
establishes the required irradiation times for microbial
decontamination under conditions, where key chemical spe-
cies responsible for the sensorial properties of the fruit juice
are preserved.

Experimental Methods

TiO2-film 1.5 wt % preparation

To immobilize the TiO2 catalyst, a thin layer containing a
homogeneous coverage of TiO2 catalyst was prepared. The
support chosen for the TiO2-film was quartz, which appears
to promote a better TiO2 activity when compared to other
supports.1,12 In the initial step, the quartz surface with a
thickness of 1.62 mm was washed with water, a MICRO lab-
oratory Cleaner (Cole-Parmer Instrument Company), and
95% ethyl alcohol (Commercial Alcohols).

Since other more expensive methods have been proposed
in the technical literature,13–17 a new method for TiO2-film
coating was developed. The proposed method uses a UV-
transparent/waterproof glue and a TiO2 Degussa P25 (Evonik
Degussa Corporation Lot 4168012498). The glue used on the
quartz surface was the UV-transparent/waterproof glue
LOCTITE

VR

3321TM.
The steps to prepare the TiO2-film are as follows:
a. Spread Loctite Glue homogeneously over the quartz

surface;
b. Let the glue dry partially for 24 h;
c. Prepare a TiO2 Degussa P25 1.5 wt % solution;
d. Spread the catalyst solution over the glue (repeat it

three times);
e. Cure the layer for 1 h with UV-visible light (radiation

at 254 nm).
Figure 1 describes the batch CREC-photoreactor cell bot-

tom surface coated with a TiO2-film using the method devel-
oped in this study. Good uniformity and reproducibility of
the TiO2-film was confirmed with SEM-EDX with TiO2
covering 70–80% of the exposed area as described in
Absorption spectra in water and opaque fluids section of this
article.

The batch CREC-photoreactor cell with the bottom surface
coated with the TiO2-film was kept in storage with a mini-
mum exposure to UV-visible light. A cooler system
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composed of a cooling tank, an outer box, and a pump, were
the accessories that completed the photoreactor cell setup.
This allowed maintaining the cell temperature in the
10 6 5�C range during the entire photodegradation experi-
ment. Precautions were taken following indications accord-
ing to the technical data sheet of the LOCTITE

VR

3321TM, to
keep the physical–chemical properties of the glue.

Reactants

The following reactants were used as received without fur-
ther purification: malic acid (Sigma-Aldrich, Lot
058K0018V), malonic acid 99% (Sigma-Aldrich, Batch
04008PC), phosphoric acid 85% (Fluka Analytical, Lot
BCBD9465). Samples of 10, 20, 30, and 40 ppm of malic
acid and malonic acid were prepared in deionized water to
perform the photodegradation experiments. The detection of
malic and malonic acid were performed in a HPLC Shi-
madzu Prominence LC 20AB, with a column oven CTO-
0AC, an Autosampler SIL-20AC.HT and a diode array
detector SPD-M20A. The column utilized for the organic
acids measurements was an Ion Exchange Supelcogel C-
610H column 30 cm 3 7.8 mm ID (59320-U). The mobile
phase used was phosphoric acid H3PO4 0.1% (v/v) at a flow
rate of 0.5 mL/min. The temperature of the column oven
was controlled to be in the range of 30 6 5�C, the UV detec-
tion wavelength was set to 210 nm and an injection volume
of 50 mL for malic and malonic acid solution was used. All
the samples analyzed in the HPLC were previously filtered
using a PTFE Mandel 0.2 mm Filter.

CREC photoreactor cell setup

A new CREC-photoreactor cell was developed at the
CREC. The main goal for the photoreactor cell was to estab-
lish a setup with an immobilized TiO2 catalyst layer. In this
new setup, an external UV-lamp was placed facing the inter-
face support-TiO2-film. In this way, the TiO2-film received
irradiation before photons could reach the opaque fluid. In
order for this reaction to proceed, generated electron-hole
pairs had to migrate to the other face of the quartz slide
(dark side), where the photocatalyst was in direct contact
with the fluid.

This CREC-Photo cell allows to place the spectroradiome-
ter head at strategic locations in the Photo-CREC cell such
as: (a) at the film surface allowing irradiated measurements
of irradiated photons reaching the TiO2-film (Pl), (b) at the
back of the TiO2-film permitting quantification of photons
transmitted through the TiO2-film (Pt), and (c) at the front of

the TiO2-film allowing measurement of the backscattered
irradiation photons (Pbs).

Figure 2 reports the CREC-photoreactor cell setup used
for the photocatalytic degradation of malic and malonic acid.
This photoreactor cell consists of: (1) an external near UV-
light lamp, (2) an outer box to keep the temperature in the
range of 10 6 5�C, (3) a quartz window at the bottom of the
outer box, (4) a TiO2-film 1.5 wt % coated on a quartz sur-
face, (5) a batch photoreactor, (6) a stirrer, (7) a cooler tank,
and (8) a centrifugal pump. The CREC-photoreactor cell
setup, as well as the properties of the near UV-lamp,
reported in Figure 2 are described Table 1.

Photodegradation experiments

Before each photodegradation experiment, the CREC pho-
toreactor cell was cleaned carefully with fresh water and
rinsed with distilled water to eliminate any chemical species
from previous runs. Solutions of malic and malonic acid at
different concentrations (10, 20, 30, and 40 ppm) were pre-
pared from a 1000 ppm stock solution using deionized
water.

In addition, prior to starting the experiments, an initial
sample was taken and analyzed to determine the initial
organic acid concentration. Following this, the reactor setup

Figure 2. The CREC-photoreactor cell setup used in
the photocatalytic degradation of malic and
malonic acids.

Figure 1. Batch photoreactor cell of this study with
one side coated with the TiO2-film 1.5 wt %
solution.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Characteristics of the CREC-Photoreactor Cell

Setup

Component Parameter Measurement

Batch reactor length 9 cm
width 9 cm
height 9 cm
volume 200 mL
quartz thickness 0.16 cm

Outer Box length 11.3 cm
width 11.3 cm
height 11.3 cm
height legs 4.5 cm
volume 5 L

Cooler Tank Stirrer speed 250 RPM
UV-Lamp

(UVP-XX-15BLB)
length 41.3 cm
radius 1.33 cm
Input power 15 W
Output power 4 W
Emission range 320–420 nm
Emission rate 1.1910 3 1025 Einstein.s21

3288 DOI 10.1002/aic Published on behalf of the AIChE September 2014 Vol. 60, No. 9 AIChE Journal

http://wileyonlinelibrary.com


was run for 30 min in the dark to reach adsorption equilib-
rium on the TiO2 layer surface. At this point, a second sam-
ple was taken. Once adsorption equilibrium was reached, the
lamp was turned on and the photocatalytic degradation was
initiated.

Once the run started, samples were taken every hour for
15 h to analyze the change in malic and malonic acid con-
centrations during the photocatalytic conversion. All the
experiments were performed at set operational parameters,
such as: (a) light intensity emission, (b) catalyst loading, (c)
initial pH (4.0 6 0.1), and (d) temperature (15 6 3�C). All
the experimental runs were repeated three times to ensure
experimental reproducibility.

Radiation measurements

To determine the rate of photons absorbed by the TiO2-
film, radiation measurements of the catalyst layer were per-
formed. A radiation box with the same dimensions of the
photoreactor cell was used. Measurements were performed
using a light detector probe which was connected to a spec-
trometer and a SpectraWiz software. The radiation measure-
ments setup (refer to Figure 3) was composed of: (1) a
radiation box, (2) a near UV-lamp, (3) a quartz window, (4)
a light detector probe, (5) a photo batch reactor, (6) a Stel-
larNet EPP2000C-25 LT16 Spectrometer, and (7) the Spec-
traWiz Software. In this setup, the light was placed at the
bottom of the radiation box. Lamp asymmetrical positioning
is described in Figure 4. A description of lamp asymmetric
positioning is important to explain the various types of radia-
tion such as emitted, backscattered, transmitted, and reflected
radiations.

Results and Discussion

Absorption spectra in water and opaque fluids

Preliminary experiments were performed to assess the
photoconversion of organic acids in opaque fluids using a
commercial apple juice (Allens’ concentrate). The apple
juice was tested using the Photo-CREC Water-II. This reac-
tor unit has been previously used for photodegradation of
organic compounds in water treatment showing its high
quantum efficiency.2,25–29 However, Photo-CREC Water II
reactor is not adequate for opaque fluids. Under these condi-

tions, photocatalytic reactors with immobilized TiO2 on
films as in the proposed CREC-Photo Cell are more
adequate.

Figures 5 and 6 report the spectra for apple juice and
water. The light transmission spectrum in apple juice shows
a light intensity distribution along a wavelength range of
320–420 nm, with a 0.6 mW/cm2 at 380 nm maximum inten-
sity. However, the maximum intensity for the water spectra
is 58 mW/cm2 at 370 nm or 100 times larger than in apple
juice. Thus, in apple juice, there is a very significant irradia-
tion absorption limiting transmittance in the near-wall
regions. As a result, transmittance is significantly reduced
and the amount of irradiation reaching the photocatalyst
decreases considerably.

One can, thus, conclude that the use of suspended TiO2 in
opaque fluids becomes impractical because the opacity of the
fluid largely prevents light from reaching the photocatalyst.
This reduces the formation of electron-hole pairs, which are
responsible for the organic species photoconversion.

Regarding irradiation transmission in photocatalytic reac-
tors, Figures 7a, b illustrate two different modes of electron
hole formation: (a) Figure 7a shows the “directly” irradiated

Figure 3. Schematic representation of the radiation
measurements of the CREC-photoreactor
cell with the TiO2-film.

Figure 4. Description of the 49 positions to establish
the nonsymmetrical radiation profile.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Transmission spectra for commercial Allens
apple juice at position 4 (Brix: 11.90 6 0.1,
pH: 3.10 6 0.05, conc. of malic acid: 3 6

0.1 g/L).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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suspended photocatalyst as in PhotoCREC-Water II and (b)
Figure 7b describes the TiO2-film with “non-directly” irradi-
ated photocatalyst surfaces promoting photoconversion as in
the Photo-CREC cell. It is hypothesized that this mechanism
is important in the Photo-CREC Cell due to the mobility of
the “h1” electron holes. This is accomplished thanks to the
special approach for film preparation securing TiO2 particles
being in one hand in direct contact with the fluid and on the
other, being irradiated from the back face (refer to Figure
7b).

Thus, “h1” and “e” charge mobility leads to the formation
of OH• groups in the particle hemisphere in direct contact
with the water solution. This may potentially occur with a 2
photons forming 3 OH• groups, as postulated by our research
group.30,31

Figure 8 displays SEM results showing that TiO2 coated
particles form a wavy layer. Figure 9 reports an EDX
(Energy Dispersive X-Ray) analysis of specific regions of

the film. Region 1 shows 10 microns 3 60 micron zones
where there is a near absence of TiO2. Region 2 (refer to
Figure 8) describes identifiable 30micron 3 60 micron TiO2

covered areas with likely a 1 micron characteristic SEM-
EDX microanalysis depth. This characteristic wavy thin film
with two different levels of coverage was assumed to be the
result of glue properties and can be traced to the curing step,
where the TiO2-film was subjected to 1 h of intense irradia-
tion at a wavelength of 254 nm. On the assumption that
TiO2 particles such as the ones in “2” were directly in con-
tact with water, it was estimated 73.7% of the film contain-
ing TiO2 was in direct contact with water. On this basis, an
estimated surface concentration of TiO2 on the film was esti-
mated at 2.1 3 1024 g/cm2.

Photolysis and photocatalytic degradation of malic acid
using TiO2-films and in suspension

The photocatalytic degradation of malic acid and the for-
mation of malonic acid were measured using the HPLC
method described in the experimental section. Malonic acid
appeared as the main intermediate species formed during
malic acid photoconversion. This is in agreement with other
research studies published in the literature.13,18,32

Figure 10 reports a typical concentration profile for malic
acid degradation and malonic acid formation as a function of
time using a TiO2-supported photocatalyst layer. It can be
observed that the photoconversion of malic acid is achieved
after 6 h of thin film irradiation. This is about the time when
the malonic acid concentration appears to display a maxi-
mum value.

Figure 11 reports malic acid photoconversion for four ini-
tial malic acid concentrations (10 to 40 ppm). All experi-
ments were repeated three times to ensure reproducibility.
One can observe complete malic acid photoconversion in 5
to 8 h. Moreover, Figure 12 also shows malonic acid con-
centration changes, with malonic acid increasing first and
then, later decreasing. Thus, malonic acid was consistently
observed as an intermediate species in malic acid
photoconversion.

According to the technical literature,33,34 a potential disad-
vantage of thin layers of immobilized photocatalysts is their
limited potential irradiation and restricted external mass-

Figure 6. Apple juice transmission spectra and water
transmission spectra.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Irradiation paths showing the formation of
electron holes (h1) on (a) the outer surface
of suspended and “directly irradiated” TiO2

particles as in a photo CREC water II reactor
and (b) the outer surface of “non-directly”
irradiated TiO2 with h1” mobile electron
holes promoting photoconversion as in a
CREC-photoreactor cell.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. SEM of TiO2 Film (5003): Region 1–surface
with near absence of TiO2 photocatalyst cov-
erage; Region 2–surface with significant cov-
erage of TiO2 photocatalyst.
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transfer rate. It is estimated that a 5 mm TiO2-film allows
adequate irradiation.34

Moreover and to clarify the potential effect of a TiO2-film
external mass transfer on malic acid photodegradation, pho-
tocatalytic runs were performed using two different mixing
speeds. Figure 13 reports the photodegradation using 40 ppm
of initial malic acid at 125 and 250 rpm stirrer speeds. One
can see that there is no observable difference in photocon-
version rates when the mixing speed is changed from 125 to
250 rpm. One can conclude that the relatively high fluid cir-
culation in the near thin film region, estimated at 24 and
47 cm/s, respectively, promotes high mixing and negligible
external mass transfer on the overall photoconversion rate.

In addition, one can provide an estimate of the external
mass transfer influence in the near photocatalyst layer region
as follows: (a) by considering a Sherwood number of 2
(Sherwood number at stagnant conditions) and (b) by per-
forming a malic acid mass balance between the photocatalyst
film and the solution near the thin film region. This allows a
comparison of the external mass-transfer coefficient (km) and
the intrinsic kinetic constant (ki), showing a km of 1.604 3

1023 m/s which is about 1000 times higher than ki (ki 5 4.45
3 1026 m/s). This confirms that the external transfer mass
influence in the near thin film region can be disregarded in
malic acid photoconversion kinetic modeling.19

When organic compounds are irradiated by a near-UV
source, they can be degraded via photolysis.35–37 The influ-

ence of photolysis on the photodegradation has been studied
using both water as well as opaque fluids. UV-light treat-
ment has been utilized for opaque fluid disinfection such as
for fruit juice. UV-light treatment has the ability to keep the
taste and odor characteristics of fruit juices. UV-light treat-
ment has also been approved since the year 2000 by the
American Food and Drug Administration (US FDA,
21CFR120) as a pathogen reducer in juice.

Photolysis can affect photocatalytic conversion. Thus, for
proper kinetic modeling, one needs to assess the influence of
photolysis in the case of TiO2-films used in the CREC-
photoreactor cell. For instance, in the case of malic acid, one
should compare its degradation profile with and without
TiO2-films. Using this data, one can accurately account for
the role of photocatalytic malic acid photoconversion dis-
counting the photolysis effect.

Figure 14 reports malic acid concentration changes when
a 20 ppm solution of malic acid was irradiated using a near-
UV lamp in the CREC-Photo cell. Two cases with and with-
out the TiO2-film mounted in the photoreactor cell unit,
were considered. According to these results, almost complete
photocatalytic degradation of 20 ppm of malic acid is
achieved when using a TiO2-thin film in 6 h, with only 0.8
ppm of malic acid remaining. Conversely, malic acid

Figure 9. EDX analysis of TiO2 Film–Regions 1 and 2 from Figure 88.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Photodegradation profile of malic acid using
a TiO2 film and a near UV-light.

Figure 11. Malic acid photodegradation profile for dif-
ferent initial concentrations: 10, 20, 30, and
40 ppm.

Reported experimental data are for three repeat

experiments.
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concentration decreased by 24% during the same irradiation
period when no TiO2-film was used in the CREC-
Photorecator cell.

However, to properly assess the role of photolysis, one
needs to carefully consider all factors involved in the CREC-
photoreactor cell unit. The photolysis rate depends on both
the malic acid concentration and irradiation intensity (I)
reaching the malic acid solution (transmitted radiation) as
shown in the following equation

dCi

dt
52ðk0photolysisIÞC (1)

where Ci represents the species concentration at any time
during the photoconversion, I is the transmitted irradiation in
the CREC-photoreactor cell, t stands for the irradiation time,
and kphotolysis denotes the photolysis reaction rate constant.

As will be described later in this article, I, the transmitted
irradiation in the CREC-photo reactor cell amounts to 4% of
the total radiation reaching the TiO2-film (I0). Thus, Eq. 1
can be rewritten as follows

dCi

dt
52ðk0photolysis0:04I0ÞC (2)

Equation 2 can be integrated over the irradiation time and
the resulting malic acid concentration changes can be com-

pared with the experimentally values observed. Given Eq. 2
and the experimental data for the photolysis of 10, 20, and
30 ppm malic acid and malonic acid initial concentrations,
the following kinetic constants as reported in Table 2 were
obtained.

Using this approach, one can show that photolysis contributes
to 1% malic acid concentration change only, as shown in Figure
15. Thus, this very small concentration change can be consid-
ered negligible and photolysis can be disregarded when using
an irradiated TiO2-film in a CREC-photoreactor cell unit.

Contrary to photocatalysts in suspension, immobilized
photocatalysts do not require a filtration step, allowing a
reduction of both cost and time in an industrial scale pro-
cess. This is particularly valuable in the case of the precon-
ditioning of fruit juice for human consumption. In any event
and to have a basis for comparison, malic acid photoconver-
sion using TiO2 1.5 wt % films and TiO2 in suspension were
performed using 20 ppm malic acid initial concentration.
Different loadings of TiO2 were used (0.01, 0.05, 0.10, 0.15,
0.20, and 0.30 g L21). Figure 16 shows that malic acid pho-
todegradation increases with the photocatalyst loading. Fig-
ure 17 shows that photocatalyst loadings higher than up to
0.2 g L21 or extra photocatalyst did not change the photo-
conversion rates significantly.

TiO2 in suspension can be used to perform organic species
photocatalytic degradation in water, as reported in a number of
studies by our research group.27–29,38 The Photo-CREC Water
II’s high efficiency for the complete mineralization of organic
compounds in water forming CO2 and H2O has been
demonstrated.2

However, even though malic acid photodegradation in the
Photo-CREC Water II is expected to lead to higher photo-
conversion rates when using fine TiO2 particles (20–60 nm),
the application of TiO2 in suspension is limited to translu-
cent fluids and cannot be extended to opaque fluids. In

Figure 12. Malonic acid evolution during photodegra-
dation initial malic acid concentrations: 10,
20, 30, and 40 ppm.

Figure 13. Malic acid concentration photodegradation
experiment using a TiO2 film at two different
mixing speeds: 125 and 250 rpm.

Figure 14. Malic acid concentration changes at 20 ppm
of initial malic acid concentration using a
near UV irradiation lamp.

Broken line: Photoconversion in the CREC-

photoreactor cell due to photolysis only, (b) Photocon-

version in CREC-photoreactor cell using a TiO2 thin

film.

Table 2. Kinetic Constants for the Photolysis of Malic and

Malonic Acid

Parameter Compound Value 95% CI

kphotolysis(min21) Malic Acid 7.727 3 1024 2.391 3 1025

kphotolysis(min21) Malonic Acid 3.984 3 1024 1.946 3 1025
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addition, TiO2-films have to be specially tailored for organic
species photocatalytic degradation in opaque fluids. These
TiO2 films must have an active nonirradiated dark side as
described in Figure 7b. These types of TiO2 films may also
offer an effective approach that sheds light into the photoca-
talytic mechanism. This is due to the fact that photocatalytic
activity can only result from the mobility of h1 electron
holes.

Irradiation measurements

Irradiation analysis includes determining the following: (1)
the radiation being emitted by the lamp (Pl), (2) the radiation
reflected (back-scattered) by the catalyst film (Pbs), and (3)
the radiation transmitted through the film (Pt). Salaices-Arre-
dondo25 used a macroscopic balance approach performed in
an annular photoreactor with the photocatalyst in suspension.
A similar methodology can be used in the CREC-
photoreactor cell to determine the radiation absorbed by the
catalyst (Pa). Pa is of utmost importance for calculating reac-
tor efficiencies in the photodegradation of organic com-
pounds. Several authors have discussed radiation
measurements in photoreactors with TiO2 in suspension.39,40

However, very few researchers have studied the radiation
using photocatalyst catalyst films.

In the CREC-photoreactor cell, the lamp is placed below a
quartz box (refer to Figures 3 and 4) The selected position-
ing is well inside the lamp’s constant radiation emission
zone. This placing of the lamp minimizes losses of light that
occur at the edges of the lamp. Figure 18 reports the spec-
trum for the lamp used in this study. This spectrum was
measured using a spectroradiometer 4 cm away from the
center of the lamp and 22 cm from its edge.

In all the photodegradation experiments developed in this
study, UV-lamps had less than 1000 h of use. Thus, lamp
emission decay could be considered negligible, this has
already been reported somewhere else.27,41

A macroscopic radiation balance allows the calculation of
the Pa, which is the rate of radiation absorbed by the TiO2

film. This is done by using the results of: (a) the radiation
emitted by the lamp, (b) the radiation reflected by the cata-
lyst layer (backscattered), and (c) the radiation transmitted
through the catalyst film using the expression shown in
Eq. 3 2

PaðtÞ5P1ðtÞ2PbsðtÞ2PtðtÞ (3)

where Pa(t) is the rate of absorption of photons, Pbs(t) is the
rate of backscattered photons exiting the system, Pt(t) is the

Figure 15. Degradation profile for photolysis and pho-
tocatalytic conversion by using a TiO2 film.

Malic acid: 20 ppm. Broken like corresponds to the

calculated malic acid changes using a photolysis

kinetics as per Eq. 2 and a 4% irradiation transmitted

through the film.

Figure 16. A 20 ppm malic acid photodegradation pro-
file for different TiO2 concentrations in sus-
pension: 0.01, 0.05, 0.10, 0.15, 0.20, and
0.30 g L21.

Figure 17. Rate equation for malic acid degradation
(rmalic acid) using different TiO2 concentra-
tions in suspension (0.01 to 0.5 g L21).

Initial concentration of malic acid: 20 ppm.

Figure 18. Emission spectrum for black UV lamp.
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rate of transmission of photons, and Pl(t) is the rate of emis-
sion of photons by the lamp, all in Einstein.s21 units.

Pl was calculated by using the following expression2

P1ðtÞ5
�k

h � c

ðk2

k1

ð1
0

ð2p

0

qh;z;k;t � r � dhdzdk (4)

where h represents the Planck’s constant (6.626 3 10234

J s), c denotes the speed of light (2.998 3 108 m s21), qh,z,k,t

stands for the radiative flux (mW cm22), r represents the
radial coordinate (m), z denotes the axial coordinate (m) and
k stands the average emission wavelength (nm).

As mentioned before, in the setup of this study, an exter-
nal near UV-lamp irradiates the batch through one radial
side only. Thus, considering the symmetrical angular emis-
sion of the BL-lamp, Eq. 4 can be simplified as follows

P1ðtÞ5
�k

h � c

ðk2

k1

ðL

0

qz;k;t � r � dzdk (5)

where (k) is the average calculated wavelength in the 320–
388 nm range, when using the weighted mean method.

The near UV lamp intensity (mW cm22) was measured
between k1 5 320 nm and k2 5 420 nm along the 81 cm2

area, which represents the quartz surface area covered by the
TiO2-film. Radiation measurements were performed in 49
different positions, divided equally into seven parts in each
X and Y direction. In this way, it was possible to develop a
precise radiation spectrum taking into consideration the
asymmetrical position of the lamp relative to the photocata-
lytic reactor. One should notice that in the experimental
setup, the lamp was placed between Y positions 2 and 4
along the X axis.19

Figure 19 reports the 3-D spectra of lamp intensity emitted
by the lamp. This plot shows an asymmetrical radiation pro-
file, with higher values of intensity emitted in the Y position
3, between the X positions 3 and 5.

Regarding the Pa, Pl, Pbs, and Pt parameters involved in
the radiation macroscopic balance, they were calculated by
performing the integration of radiation measured in the 49
positions. This will be discussed in the next section. An esti-
mated Pl(t) value was established with 49 radiometric meas-
urements. The resulting Pl(t) obtained was 4.04 3 1016

photons/s. The calculation of Pa(t) was performed using Eq.
3 and the Pbs(t) and Pt(t) were obtained experimentally.
These results are reported in Table 3. It can be concluded
that a significant amount of the near UV radiation is
absorbed by the TiO2 film (92%). Thus, it can be observed
that the radiation absorption results reported in this study are
close in magnitude to the values reported for TiO2-coated
optical fibers.

Kinetic modeling of malic acid photocatalytic
degradation

The Langmuir–Hinshelwood (L–H) approach provides a
well-known model to describe the catalytic conversion of
chemical species involving adsorption at equilibrium. Several
authors have used L–H to represent the heterogeneous photo-
conversion kinetics of organic species photodegradation
onof(check) TiO2 catalysts.12,23,28,29,32,38,41–43 L–H has the
advantage of considering not only the model compounds but
also the intermediates formed during the photocatalytic con-
version. In our study, only the main intermediate, malonic
acid, was identified and considered in the modeling.

In modeling the heterogeneous kinetics of malic photode-
gradation using a thin-TiO2 catalyst film developed in this
study, two reaction mechanisms can be proposed. Both mod-
els consider malonic acid as an intermediate species resulting
from malic acid photodegradation. The first model is an “in
series” reaction network (RN1), whereas the second model
assumes an “in series-parallel” reaction network (RN2).
These models are shown in Figures 20 and 21, respectively.

The kinetic modelling for the two reaction mechanisms
requires that the following assumptions be adequate:

a. Malic and malonic acids must adsorb on the TiO2 film
surface where the photocatalytic reactions take place.

b. The adsorption phenomenon is assumed to occur at
equilibrium with the reaction rate on the catalyst sur-
face controlling the overall reaction.

Figure 19. Pl(t) spectrum along the 49 positions as
described in Figure 44.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table 3. Pl (t), Pbs (t), Pt (t), and Pa (t) Calculated for the

TiO2-Film

Rate of Photon
(Photons/s) Irradiation (%)

Emitted, Pl (t) 4.41 3 1016 100
Back Scattered, Pbs (t) 1.95 3 1015 4
Transmitted, Pt (t) 1.75 3 1015 4
Absorbed, Pa (t) 4.04 3 1016 92

Figure 20. RN1–“Series” mechanism for the photocata-
lytic degradation of malic acid.

Figure 21. RN2–“In Series-parallel” mechanism for the
photocatalytic degradation of malic acid.
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c. The final CO2 and H2O products formed at the end of
the reaction do not adsorb on the catalyst surface.

d. The photolysis of malic acid and malonic acid is con-
sidered negligible.

In the case of this study, given the asymmetrical radiation
profile caused by the position of the lamp in the setup, and
the poorly irradiated regions close to the edges of the
CREC-photoreactor cell, the photoconversion rate has to
consider a local volumetric rate of photon absorption
(LVRPA) as suggested by Toepfer et al.44

2ri5kT;iðLVRPAÞm KA
i Ci

11
Pn

j51 KA
j Cj

5
kk

i KA
i Ci

11
Pn

j51 KA
j Cj

(6)

where i represents the main species being degraded, “j”
denotes each component that appears in the reaction, n is the
number of species participating in the reaction, ri is the reac-
tion rate (mol gcatalyst

21 h21), kT,i denotes the kinetic constant
independent of photon absorption, LVRPA stands for the
local volumetric rate of photon absorption (W m23), m rep-
resents the order of reaction related to LVRPA (0.5<m< 1),
Kk

i denotes the reaction kinetic constant (mol gcat
21 h21), KA

i

stands for the adsorption constant (mol21 l), and Ci repre-
sents the species’ concentration (mol L21). In this equation,
the terms LVRPA and m were constant in all the experimen-
tal runs.

In a photocatalytic reactor operating in a batch mode, sim-
ilar to the photoreactor used in this research, the rate equa-
tion for the photoconversion of the “i” species can be
expressed as2

2ri5
1

Wirrad

dNi

dt
5

V

Wirrad

dCi

dt
(7)

where Wirrad is the mass of TiO2 in the catalyst film (gcat), V
is the reactor volume (L), Ni is the number of moles to be
degraded (mol), and t is the reaction time (hour).

Combining the Eqs. 6 and 7, the reaction rate for each
chemical compound can be written as

dCi

dt
5

KiCi

11
Pn

j51 KA
j Cj

(8)

where k15 Wirrad

v kk
i KA

i

On the basis of Eq. 8 and according to RN1 and RN2, the
following set of differential equations are obtained. In the
case of RN1 (refer to Figure 20)

dCMcAc

dt
5

2k1CMaAc

11KA
MaAcCMaAc1KA

MAcCMAc

(9)

dCMAc

dt
5

k1CMaAc2k2CMAc

11KA
MaAcCMaAc1KA

MAcCMAc

(10)

where MaAc and MAc refers to malic and malonic acid,
respectively.

Conversely and given RN2 (see Figure 21), an alternate
set of ordinary differential equations given by Eqs. 11 and
12 can be considered

dCMcAc

dt
5

2ðk11k3ÞCMaAc

11KA
MaAcCMaAc1KA

MAcCMAc

(11)

dCMAc

dt
5

k1CMaAc2k2CMAc

11KA
MaAcCMaAc1KA

MAcCMAc

(12)

Kinetic parameters for both RNs (RN1 and RN2) were
calculated using the least squares fit as provided in MAT-
LAB. The optimization of kinetic and adsorption parameters
for malic and malonic acid degradation following RN1 are
reported in Table 4. Model predictions compared with exper-
imental results are presented in Figure 22 for different initial
concentrations in the case of RN1. It can be concluded that
the model obtained with the mechanism “in series” fits the
experimental data very well yielding a R2 of 0.983.

Values of the kinetic and adsorption constants for the
RN1 are reported in Table 4. Calculations were performed
with a degree-of-freedom (DOF) of 380. According to the
relatively small values of the 95% confidence interval (CI),
it can be concluded that the kinetic model proposed, predicts
the data obtained very well.

Table 5 reports the cross-correlation coefficients for differ-
ent parameters obtained in the modeling when an “in series”
kinetic model is used (RN1). Considering the values reported
in this table, it is observed that all parameters display cross-
correlation coefficients much smaller than 1 with the only
exception of k1 and K

A

MaAc with a 0.93 coefficient. This
behavior is expected given the nature of the L–H model,
where kinetic and adsorption constants are present in both
the numerator and denominator of the rate equations.27–29,38

Figure 23 reports the experimental and estimated photoca-
talytic degradation profiles of malic and malonic acid using
the RN2. Results are reported for initial concentrations of
malic acid, with these being 10, 20, 30, and 40 ppm. This
model also shows a very good fit between the experimental
and model concentration profiles for malic and malonic acid
photodegradation yielding a R2 of 0.988.

Table 4. Kinetic Parameters for the Photoconversion of

Malic Acid for the RN1 Model

Parameter Value 95% CI

k1(min21) 1.082 3 1022 1.680 3 1023

k2(min21) 3.047 3 1023 4.442 3 1024

K
A

MaAc (ppm21) 1.043 3 1021 2.220 3 1022

K
A

MAc (ppm21) 2.859 3 1023 6.064 3 1024

Initial malic acid concentrations:10, 20, 30, and 40 ppm. DOF:380.

Figure 22. Experimental and RN1 model concentration
profiles for malic acid and malonic acid dur-
ing photocatalytic conversion using a TiO2-
film.

Initial concentrations: 10, 20, 30, and 40 ppm. [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Table 6 gives the values for the kinetic and adsorption
constants involved in the “in series-parallel” kinetic model
(RN2). The DOF in this calculation is 379. This table also
shows the 95% CI as well as the standard deviation values.
This second model also presents narrow spans for both the
CI and STD. Therefore, the proposed mechanism from the
photocatalytic degradation experiments can be considered to
predict the experimental data well.

Table 7 reports the cross-correlation coefficients for differ-
ent parameters obtained with the RN2 “in series-parallel”
model. With respect to the cross-correlation coefficients
determined, one can see that k1 and K

A

MaAc display a cross
correlation coefficient of 0.98 while k3 and K

A

MaAc have a
value of 0.90. Thus, while one may gain a better experimen-
tal data description with RN2, there is increased uncertainty
on the actual values of some of the kinetic constants deter-
mined with this reaction network.

Furthermore, reconciliation plots provided a good under-
standing of the reliability of the parameters obtained. It is
known that plots presenting vertical bands show an over-
parameterization of the kinetic model. The presence of hori-
zontal bands in the reconciliation plots may indicate that the
model is somewhat incomplete with at least one parameter
missing in the kinetic model. For both RNs, it was found
that no horizontal or vertical lines were formed during the
reconciliation plots (results not shown here). Therefore, it is
concluded that for both RN1 and RN2, experimental and
modeled points are randomly distributed.

Figure 24 reports the concentration profile of Carbon in
ppm, for the CO2 and the Total Organic Carbon (TOC) in
experiments with an initial concentration of 40 ppm of malic

a cid. On this basis, it can be shown that carbon balances
close at 2–3%. Furthermore, Figure 24 is valuable to further
elucidate the adequacy of RN1 and RN2 kinetic models.
One can see that there is CO2 formation from the very
beginning of the photocatalytic reaction. This shows that
complete mineralization of malic acid fractions into CO2 and
H2O takes place at the early stages of the photocatalytic con-
version already.

However, one can also notice that the rate of CO2 forma-
tion (in ppm of carbon) is smaller than the rate of malic acid
photoconversion (about 1 mole of CO2/2 moles of malic
acid ratio). This shows that the RN2 or the “in series-
parallel” model better predicts malic acid photocatalytic con-
version. This higher reliability of the “in series-parallel”
overall mechanism was also observed in the photocatalytic
degradation of phenol in water using a cylindrical slurry
unit.27 According to this author, the “in series-parallel”
mechanism dominates due to a nonuniform OH radical den-
sity in the Photo-CREC Water II unit.

Quantum yield calculations

Values of quantum yields were determined by applying
the minimum apparent quantum yield concept, which con-
sists of the ratio between the numbers of molecules of the
OH radicals converted per unit time to the number of pho-
tons absorbed by the catalyst film per unit time. This defini-
tion of quantum yield is described in the following equation

u5
Number of molecules of OH� consumed=s

Number of photons absorbed by the TiO2 layer=s
5

u1

PaðtÞ
(13)

Pa(t) was calculated using the irradiation profile measured
for different concentrations of malic acid (10, 20, 30, and 40
ppm). The number of molecules of OH radicals consumed/s
(u1) was estimated through the malic acid degradation stoi-
chiometry, considering the two possible mechanisms pro-
posed: the “in series” reaction network (RN1) and “in series-
parallel” reaction network (RN2).

The methodology reported by Serrano et al.26 was used to
calculate the quantum yield for RN2. This methodology uses

Table 5. Cross-Correlation Coefficients of the Kinetic and

Adsorption Parameters for the RN1 Model

Parameter k1 k2 K
A

MaAc K
A

MAc

k1 1
k2 0.78 1
K

A

MaAc 0.93 0.62 1
K

A

MAc 0.58 0.86 0.30 1

Initial malic acid concentrations:10, 20, 30, and 40 ppm.

Figure 23. Experimental and RN2 (in series-parallel
model) concentration profiles for malic acid
and malonic acid during photocatalytic
conversion in (on) TiO2-films.

Initial concentrations: 10, 20, 30, and 40 ppm. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 6. Kinetic Parameters for the Photoconversion of

Malic Acid Using RN2

Parameter Value 95% CI

k1(min21) 1.365 3 1022 2.285 3 1023

k2(min21) 2.429 3 1023 3.977 3 1024

k3(min21) 2.942 3 1023 1.097 3 1023

K
A

MaAc (ppm21) 1.758 3 1021 4.375 3 1022

K
A

MAc (ppm21) 4.109 3 1023 6.203 3 1024

Initial concentrations: 10, 20, 30 and 40 ppm. DOF: 379

Table 7. Cross-Correlation Coefficients of the Kinetic

Parameters in(check) the Photoconversion of Malic Acid for

RN2

Parameter k1 k2 k3 K
A

MaAc K
A

MAc

k1 1
k2 0.24 1
k3 0.88 0.18 1

K
A

MaAc
0.98 0.22 0.90 1

K
A

MAc
0.26 0.06 0.53 0.22 1

Initial concentrations: 10, 20, 30, and 40 ppm
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the RN along with the stoichiometric amount of hydroxyl
radicals required in each reaction step. For instance, for the
RN2, malic acid degradation occurs with the consumption of
four molecules of OH radicals in the first step. Consumption
of eight molecules of hydroxyl radicals in the second step
are required to form CO2 and six H2O molecules. This is
described using the following equations

3C4H6O514OH��!k1

4C3H4O413H2O (14)

C3H4O418OH��!k2

CO216H2O (15)

C4H6O5112OH��!k3

4CO219H2O (16)

In the RN2 mechanism for malic acid photoconversion,
malic acid is converted into malonic acid. Malonic acid can
be subsequently converted to CO2. Conversely, malic acid
can also be directly converted into CO2, with water produced
in the two pathways (refer to Figure 21).

Values of the quantum yields (u) as a function of time for
the photocatalytic conversion of malic acid at 10, 20, 30,
and 40 ppm are shown in Figure 25. These results are pre-
sented for RN2. These outcomes illustrate that values of u
for the RN2, decrease with time, for the initial concentra-
tions of 10 and 20 ppm of malic acid. This shows a maxi-
mum u value in the very beginning of the reaction. For the
other concentrations (30 and 40 ppm), u increases in the
beginning of the run until it reaches a maximum value coin-
ciding with the maximum concentration of the intermediate
formed (malonic acid), as observed when using RN2. The
maximum value of u is 14.2%, obtained after 9 h of photo-
catalytic conversion of malic acid at 40 ppm.

With quantum yield values as high as 14.2% (RN2), one
can safely consider that the holes (h1) formed in the quartz-
glue-TiO2 surface (back face) are mobile and that they can
migrate to the opposite side of the TiO2 layer in direct con-
tact with the malic acid solution. This h1 site mobility and
migration promotes the formation of OH radicals which
degrade the malic acid molecules.

As a result, and according to the information presented in
the literature section, the required time for holes and elec-
trons to reach the 1.3 3 1026 m agglomerate surface as in
the present study, is significantly 1.3 3 10210 and 6.5 3

10210 s, respectively. This is significantly smaller than the
8.9 3 1025 s expected charges lifetime as quoted by Wilke

and Breuer (1999). In summary, using the available literature
data, one can justify the findings observed in the Photo-
CREC cell: (a) charge carriers generated on the irradiated
side of TiO2 agglomerates have enough time to travel to the
nonirradiated dark side of the TiO2 agglomerates and (b)
transported charge carriers have ample opportunity to react
with the available organic chemical species in water.

When comparing the maximum value of quantum yields
(singular or plural) obtained for the photocatalytic
conversion of malic acid at 20 ppm initial concentration
(useries-parallel 5 8.6%) with the best values reported in the lit-
erature being 6% u,13 it can be concluded that the CREC-
photoreactor Cell with only “dark surfaces” contributing to
photoactivity shows excellent performance. These data also
highlight the importance of this article to clarify photoactiv-
ity of catalyst surfaces “non-directly” irradiated.

Conclusions

a. Photodegradation of organic species using a CREC-
photoreactor cell with a thin TiO2-film allows one to con-
firm the critical role of mobile electron holes on semicon-
ductor surfaces in photocatalysis.

b. Macroscopic Radiation Balance measurements demon-
strate that 92% of the light emitted is absorbed by the
prepared TiO2-film.

c. SEM/EDX spectroscopy analysis of the prepared thin
TiO2-film shows a wavy layer with two characteristic
regions with different loading of TiO2 particles.

d. Malic acid photoconversion allows one to demonstrate
that Langmuir–Hinshelwood kinetics in conjunction with
adequate reaction pathways such as the “in series-
parallel” (RN2) network are required for photocatalytic
kinetic modeling.

e. Both RN1 (in series network) and RN2 (in series-parallel
network) provide a good fit of the experimental data with
narrow spans. RN2 provides however, a better description
of the CO2 formed.

f. Quantum yields (u) as high as 14.2% for a 40 ppm initial
malic acid concentration using RN2 were obtained. This

Figure 24. CO2 and TOC profiles for the photocatalytic
degradation of malic acid at an initial con-
centration of 40 ppm (13.6 ppm of carbon).

Figure 25. Quantum yields for malic acid photocatalytic
degradation.

Initial concentrations: 10, 20, 30, and 40 ppm. kinetic

reaction network: RN2. [Color figure can be viewed in

the online issue, which is available at wileyonlineli-

brary.com.]
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confirms the role of “h1 electron” mobile holes in “non-
directly” irradiated thin TiO2-films.
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Notation

C = Speed of light, m/s
Ci = “Species” concentration of component i, ppm
h = Planck’s constant, J s

k1 = Apparent photocatalytic kinetic constant, min21

kA
i = Adsorption constant, mol21 l

kk
i = Reaction kinetic constant, mol gcat

21 h21

ki = Apparent kinetic constant for species i, min21

km = Mass-Transfer coefficient, m/s
kphotolysis = Kinetic constant for photolysis, min21

Pa = Rate of radiation absorbed, Photons/s
Pbs = Rate of radiation back scattered, Photons/s
Pl = Rate of radiation emitted, Photons/s
Pt = Rate of radiation transmitted, Photons/s

q z,k,t = Radiative flux or Irradiation Intensity, mW/cm2a

ri = Reaction rate of component i, mol gcatalyst
21 h21

t = Reaction time, s
V = Reactor volume, L

Wirrad = Amount of TiO2 catalyst irradiated, g
Wt % = Weight–weight percentage

Acronyms

BL = Black-light
CFR = Code of Federal Regulations
CFU = Colony-forming unit

CI = Confidence Interval
CREC = Chemical Reaction Engineering Centre

DOF = Degree-of-Freedom
FDA = Food and Drug Administration U.S.

HPLC = High-Performance Liquid Chromatograph
L–H = Langmuir–Hinshelwood

LVRPA = Local volumetric rate of photon adsorption, W/m3

MaAc = Malic Acid
Mac = Malonic Acid

R2 = Correlation Coefficient
RPM = Revolutions per minute
SEM = Scanning Electron Microscope

Sh = Sherwood number, dimensionless
STD = Standard Deviation
TOC = Total Organic Carbon

UV = Ultraviolet

Greek letters

u1 = Number of molecules of OH radical consumed/s, molecules/s
u = Quantum Yield, %
k = Wavelength, nm
a = Percentage of light accounted for Photolysis
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