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Abstract

A photoreactor containing a bundle of TiO,-coated optical fibers was employed for the photocatalytic degradation of malic acid, a polycarboxylic
acid found in fermentation processes and in biomass. TiO, film was coated on optical fiber using a dip-coating method. The kinetic behavior of malic
acid conversion in this study was found to follow a first-order kinetics with a degradation rate of 6.8 x 1072 h~!. Laboratory experiments enabled
one to detect six intermediates presented in five degradation pathways. Their evolution during the photocatalytic reaction was also investigated.
The major one, malonic acid, is initiated by a decarboxylation (“photo-Kolbe”) reaction in the a-position with respect to the OH group followed
by an OH addition. The others intermediates come from the same process or from H-abstraction or oxidation. The total organic carbon removal

after 20 h of treatment was 21%.

A high photonic efficiency of 6% was achieved for experiments operated in the optical fiber photoreactor due to the optimized light utilization.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The application of photocatalysis using semiconductor par-
ticles, with a primary focus on titanium dioxide, TiO;, has
found increasing interest to solve a wide variety of prob-
lems concerning environmental pollution [1]. The U V-irradiated
TiO, surface can generate highly oxidative electrical holes to
decompose various organic compounds present in aqueous and
gaseous streams at ambient temperature and pressure conditions
[2-7].

The wide range of needs for environmental remediation and
clean-up requires the development of immobilized photocat-
alytic systems instead of the heterogeneous slurry reactor design,
requiring a filtration step [8]. Thus, a large number of reactors
using fixed TiO; have been studied [9—13]. However, this kind
of reactor presents several disadvantages: (i) low light utiliza-
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tion due to absorption and scattering of the light by the reaction
medium and (ii) mass transport limitations.

The employment of optical fibers for the photocatalytic
decomposition of organic pollutants has been studied by sev-
eral research groups [14-26]. Instead of using a single UV light
lamp, a bundle of optical fibers is utilized as both light distrib-
utor and support for photocatalysts within a photoreactor. Ollis
and Marinangeli were the first to propose theoretical studies on
this subject between 1977 and 1980 [14,15]. Their calculations
conclude that the catalyst could be deactivated due to the heat
build-up in the bundled array. In spite of this, reactors based on
TiO,-coated fiber-optic bundle have been built firstly in liquid
[16—19] and more recently in gas phase [20-24].

However, in almost all studies, the coating method consisted
of deposition of Degussa P25 powder on optical fibers. The
present work is an extension of our efforts to develop a TiO;-
coated optical fiber reactor for water decontamination [25,26].
The optical fibers were coated with TiO, employing a sol-gel
method [26,27]. In this study, we examine the degradation of
malic acid (hydroxybutanedioic acid), formerly used in our lab-
oratory as a model compound [28]. In fact, this molecule can be
found in fermentation processes and in biomass and its degra-
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dation pathway could produce carboxylic intermediates often
found in the degradation chain of organic pollutants [29]. The
objective of this study was to investigate the photocatalytic
degradation of malic acid in a TiO;-coated optical fiber reactor
and to evaluate the achieved photonic efficiency.

2. Experimental
2.1. Materials and reagents

Malic acid (hydroxybutanedioic acid) (99% purity) was
purchased from Merck and used as received. Titanium tetraiso-
propoxide, isopropanol, H»SO4, NayS,0g (analytical grade)
were supplied by Aldrich. The solutions were prepared with
water from a Millipore Milli-Q water purification system.

2.2. Preparation of the thin film photocatalyst as an optical
fiber cladding

The optical fibers (3 M Power-Core FT-600-UMT and FT-
1.0-UMT, silica core with a polymer cladding, supplied by AMS
Electronic, France) with 1 mm diameter were cut into pieces of
30 cm length and their mechanical cladding was mechanically
stripped on 18 cm at one end of the fiber. The optical cladding
on this part was removed by acetone. The two fiber-ends were
polished with abrasive paper.

The fibers were then coated on 13.5cm by dipping them
into a solution of 13% (vol.) titanium tetraisopropoxide in iso-
propanol. The withdrawal speed was 3.4 mm/s. The coatings
were calcined at 450 °C for 1h [25,27]. The same procedure
was repeated in order to obtain five layers. The BET specific
area was evaluated to be 51 m?/g that is similar to the specific
area of TiO, Degussa P25 powder. The average pore size was
2 nm. XRD measurements revealed only the presence of a peak
at 20 =25.15°, characteristic of the anatase phase. The particle
size of the TiO; film measured by AFM was about 20—40 nm.
The thickness evaluated by ESEM was about 150 nm for five
layers. The catalyst loading after five coatings was calculated to
be 177 g per optical fiber [25].

2.3. Optical fiber reactor used for malic acid
photocatalytic degradation

The schematic diagram of the multi-fiber reactor system was
described in a previous study [25]. A bundle of 57 optical fibers
(1 mm diameter, 30 cm length) coated with TiO, were arranged
uniformly in a 220 mL cylindrical reactor (4.5 cm diameter and
13.5 cm length) made of Pyrex glass (Fig. 1). The TiO; coating
thickness was 150 nm (five layers) and the length was 13.5 cm.
Malic acid solution (50 mg/L) was introduced into a flask and
was recirculated to the optical fiber reactor through a pump (Mil-
lipore); the total volume of solution was 300 mL. The fibers were
irradiated by a 500 W mercury UV lamp (Oriel Model 6285)
[25]. A circulating water cell, used to filter the infrared rays,
was equipped with a 340 nm cut-off filter to avoid photochem-
istry of malic acid. The number of absorbed photons by TiO,
on optical fibers was about 6.14 x 10! photons per second. The
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Fig. 1. Schematic diagram of the TiO;-coated optical fiber reactor.

radiant flux was measured using a radiometer (United Detector
Technology Inc., Model 21 A power meter).

During the irradiation, aliquots of 200 w.L of malic acid solu-
tion were collected at regular times.

2.4. Analytical methods

Liquid chromatography was used to follow the concen-
tration of malic acid and its degradation products. The
system is composed by a Waters 600 pump, a Waters 486
UV detector (detection at 210nm), and a Sarasep CAR-H
(300 mm x 4.6 mm) column. The flow rate was 0.7 mL/min.
The injection volume was 100 wL and the mobile phase was
a5 x 1073 mol/L H>SO4 solution. Intermediates were detected,
identified and quantified using commercial standard compounds.
More analytical details are available in Refs. [28,30,31].

The total organic carbon was determined by using a TOC
analyzer Bioritech Model 700.

3. Results and discussion
3.1. Adsorption of malic acid on TiO; in the dark

Adsorption of malic acid on TiO, was investigated. Equi-
librium was reached after 1h. For the following experiments,
the treated solution was stirred in the reactor in the dark for
1h prior treatment. The quantity of malic acid adsorbed rep-
resented about 4% of the quantity introduced at the beginning
which corresponded to 4.6 molecules/nm? of TiO,.

3.2. Kinetics of degradation of malic acid

Under UV-light (above 340 nm), without titanium dioxide,
the decrease of malic acid concentration was negligible. The
photocatalytic degradation of malic acid in the optical fiber reac-
tor was performed according to the procedure indicated in the
experimental section. The kinetics of the photocatalytic degra-
dation obtained in this reactor is presented in Fig. 2. Under the
experimental conditions applied, the experimental results follow
a first-order reaction kinetics, according to the equation:
= — ko€ (1)
where C is the malic acid concentration and kg the observed
first-order rate constant. Linear plots In Cy/C versus time were
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Fig. 2. Photocatalytic degradation of malic acid in a TiO;-coated optical fiber
reactor.

obtained as expected, the slope leading to a first-order rate of
6.8 x 1072h~1,

This experiment was repeated three times and the photocat-
alytic activity was similar in each case. In this study, TiO; coated
on optical fiber was not deactivated in aqueous phase.

3.3. Identification of the reaction intermediates

Five major intermediates were identified and quantified dur-
ing the photocatalytic degradation of malic acid in the optical
fiber reactor (Fig. 3). Their chemical formulas are given in
Table 1.

The oxidative photodegradation may involve two oxidizing
agents: photoproduced holes h* and OH° radicals, known as
strong oxidizing agents, generated as follows:

(TiO2)+hv— e~ +h™ 2

(H,0 < H"4+0H") + ht —> H" 4+ OH° 3)
Malic acid

0.0020 4

abs.

(u.a.) o5

0.0010 4 v

6.0 70 80 90 100 11.012.013.0 14.0 15.0 16.0 17.018.0
t (min)

Fig. 3. HPLC-UV chromatogram obtained from 200 pL of the solution after
16 h of irradiation in the optical fiber reactor. Peak assignment is based on the
molecules illustrated in Table 1.

Table 1
Intermediates of malic acid during the photocatalytic degradation
No. Name Chemical formula Molecular  Elemental
weight formula
(g/mol)
(0)
HO
Malic acid  Malic acid OH 134.09 C4HgO5
(¢} OH
OH OH
P1 Tartaric acid ONO 150.09 C4HgOg
OH OH
HO X
P2 Maleic acid 0 116.07 C4H404
HO 0
(0]
P3 Pyruvic acid )%(OH 88.06 C3H404
(0]
HO OH
P4 Malonic acid W 104.06 C3H404
(0] o)
O
P5 Fumaric acid 116.07 C4H404

Holes can directly oxidize malic acid according to a photo-Kolbe
reaction:

RCOO™ +ht — R° + CO, 4)
And OHP radicals are prone to abstract an H atom:
RCOO~ +OH° — R°-COO~ +H,0 (5)

The radicals thus formed will add O; and finally give rise to the
intermediates as shown in Scheme 1.

Intermediates evolution (Fig. 4a and b) indicates that the main
degradation product is malonic acid. Maleic, pyruvic, fumaric
and tartaric acids are also identified but at lower concentration
whereas oxalacetic acid is present at trace level. From Fig. 4a
it appears that malonic acid is rapidly formed and its concen-
tration increases steadily during 20 h of treatment. From Fig. 5,
it is shown that the concentration of malonic acid is directly
proportional to the concentration of converted malic acid. For
each converted pmol of malic acid, 0.8 wmol of malonic acid
is created. From these results the Route 3 in Scheme 1 seems
to be the main one. The photo-Kolbe process (Eq. (4)) appears
to be predominant, with decarboxylation in the a-position from
the OH group followed by an OH addition. This suggests that
the preferential mode of adsorption of malic acid is related to
the binding of the carboxylic group in the a-position from the
OH group to the amphoteric hydroxyls at the surface of tita-
nium dioxide [28]. The other carboxylic group of malic acid can
also be linked to the surface since pyruvic acid is also formed
after 11 h of reaction via the photo-Kolbe process followed by
an H abstraction (or via a decarboxylation of oxalacetic acid)
(Scheme 1).
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Scheme 1. Photocatalytic degradation pathway of malic acid in a TiO,-coated optical fiber reactor.
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Fig. 4. (a) Formation of malonic acid (A). (b) Formation of fumaric (x), maleic
(O), tartaric (#) and pyruvic (¥ ) acids.

The competitive oxidation route via OH® radicals also takes
place, since fumaric and maleic acids also appear from the first
hours of irradiation and tartaric acid is detected after 11h of
irradiation (Fig. 4b). The two actions of OH® radicals consist
in H atom abstraction or in OH addition [28]. For the first 7h
of reaction, maleic acid (cis) is present at a higher concentra-
tion than fumaric acid (trans). However, after 7 h of irradiation,
concentration of fumaric acid becomes two times higher than
maleic acid concentration that decreases after 11 h of reaction.

Traces of oxalacetic acid were detected between 7 and 11h
of reaction: it was obtained from the hydroxyl group in malic
acid that gets oxidized into a ketone.

The intermediates found in this study are within agreement
with a previous study in a slurry reactor [28].

3.4. Total organic carbon removal

The total organic carbon concentration during the photocat-
alytic degradation of malic acid is presented in Fig. 6. After 20 h
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Fig.5. Concentration of malonic acid as a function of the concentration of malic
acid degraded during the photocatalytic reaction.
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Fig. 6. Total organic carbon (TOC) during the photocatalytic degradation of
malic acid in an optical fiber reactor (¢: TOC of samples; x: TOC of malic acid;
A: TOC of malic acid and intermediates).

of treatment, the final total organic carbon (TOC) is 15.8 mg/L
which corresponds to a total organic carbon removal of 21%.

From Fig. 6, it is shown that the TOC of malic acid does
not correspond to the TOC of samples: this difference could be
attributed to intermediates products or to carbon mineralization
during the photocatalytic process. Since there is a gap of 18%
between the TOC of identified intermediates with malic acid and
the TOC of samples, the identified intermediates only cover 3%
of the carbon transformation.

3.5. Photonic efficiency

In order to avoid any confusion with the quantum yield used in
photochemistry, Serpone [32] has defined precisely the photonic
efficiency (&) as the number of molecules Ny undergoing an
event (conversion of reactants or formation of products) relative
to the number of quanta Nppotons absorbed by the photocatalyst:

_ Nmoi(mol/s) v (molecules/s) ©
5= Nphotons (Einstein/s) ¢ (photons/s)

¢, the amount of photons absorbed or scattered by the TiO» coat-
ing on the optical fiber, was calculated following the equation:

¢ = Eaps x 1073CS (7

where Eypg is the light energy absorbed or scattered by TiO,
(mW/cmz), Ct the number of photons (W= s~y emitted by the
lamp at 365 nm and S is the entrance area of the photoreactor.

Light transmitted by all fibers was measured with a radiome-
ter before and after coating them with TiO,: a Teflon plate with
57 holes was adapted to the radiometer in order to measure only
the light transmitted by the bundle of 57-optical fibers. The dif-
ference between the two values leads to the light energy absorbed
or scattered by the TiO; coated on the fibers (Eqaps) [25]. The
results obtained with the TiO;-coated optical fiber reactor are
shown in Table 2. It appears that the photonic efficiency in the
optical fiber reactor is about 6.0%. This value is much higher
than that (2.8%) obtained in the conventional system [33]. This
indicates that higher efficiency of light utility can be achieved
by employing the optical fiber type reactor.

Table 2
Photonic efficiency obtained in a TiO,-coated optical fiber reactor

Reactor Optical fiber; Lamp: oriel 6285
Epps X S (mW) 89

Ct (photons/W s) 6.9 x 107

¢ (photons/s) 6.1 x 10'°

v (molecules/s) 3.6 x 101

Photonic efficiency, & (%) 6

4. Conclusion

Photocatalytic oxidation of malic acid was carried out using
optical fibers bundle as both a light transmitter and a catalyst
support.

The adsorption equilibrium was obtained after 1 h and corre-
sponded to 4.6 molecules/nm? of TiO.

The conversion showed a first-order kinetic behavior under
the present experimental conditions with a degradation rate of
6.8x 1072h~!

Malonic, maleic, pyruvic, fumaric, tartaric and oxalacetic
acids were detected as transformation products. Malonic acid
was found to be the main intermediate suggesting that photo-
Kolbe process was predominant in the degradation pathway.

A decrease of 21% was observed for total organic carbon
present in solution after 20 h of reaction. However, the identified
intermediates only covered 3% of the carbon transformation.

The photonic efficiency evaluated under these experimental
conditions reaches 6% that is much higher than the photonic
efficiency generally obtained with a “conventional” slurry reac-
tor. Compared with a traditional photoreactor, an optical-fiber
provides a medium to transmit light throughout the reactor. Thus
light energy can be spread more efficiently. In addition, a higher
processing capacity is possible because the catalyst can disperse
on a large external area of optical fibers in a given reactor volume.

The data obtained in this work with an optical fiber reactor
show a multi-fiber reactor could be successfully applied to pho-
tocatalytic water treatment. However, the reaction rate should be
improved by increasing TiO; loading, fiber density and stirring
inside the reactor.

The OFR could be a viable option where the direct light
illumination is inhibited or the light source is remote from the
contaminated site.
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