LM JOURNAL OF APPLIED ELECTROCHEMISTRY 29 (1999) 429-435
"“ © 1999 Kluwer Academic Publishers. Printed in the Netherlands.

Photocatalytic degradation rate of oxalic acid
on a semiconductive layer of n-TiO; particles
in a batch mode plate photoreactor

Part II: Light intensity limit
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The effect of light intensity, flow rate and oxygen bubbling on the photocatalytic degradation rate of
oxalic acid on a layer of TiO, particles was investigated. At higher concentrations of oxalic acid
(= 0.005 M) and photon flux intensity in the range 3.26 x 107'° to 1.07 x 1078 einstein cm 2 s~!, the
rate of photocatalysis was controlled simultaneously by the flux of both oxygen and photons. This is
probably caused by the ability of oxygen to react with photogenerated electrons and thus suppress
the electron-hole recombination and increase the efficiency of the photocatalytic degradation.
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List of symbols

A active surface of the reactor plate
(7200 cm?)
c concentration (mol cm™3)
al velocity of the light (3.0 x 10'° cm s71)
D diffusion coefficient (cm? s~!)
h Planck constant (6.6262 x 1073* J s)
I intensity of u.v.-light (W cm~?)
J flux density (mol cm=2 s~!) or
(einstein cm™2 s~ )
L length of the reactor plate (cm)
n molar amount (mol)
Na Avogadro constant
(6.022 x 103 mol~!)
0 flow-rate (cm?® s71)
|4 total volume of the solution (15000 cm?)
w width of the reactor plate (cm)

1. Introduction

The degradation of organic toxic compounds such as
PCBs, phenols and pesticides dissolved in water is a
significant problem because, due to their toxicity, a
common biological treatment cannot often be used.
These substances are mostly adsorbed on active car-
bon and then burned at high temperature, a process
which may produce highly toxic pollutants. This is
the reason for the development of methods making

Greek symbols
o inclination angle of the reactor plate to
the horizontal

A wavelength of the light (cm)
T time (s)

r photon yield (%)
Subscripts

(COOH), oxalic acid

hv photons

lim limiting

N Nernst

(0)) oxygen

org organic compound
Superscripts

0 bulk

S surface

use of extremely reactive radicals, capable of de-
stroying organic, and some inorganic, pollutants.
Examples of such methods are homogeneous photo-
lysis, heterogencous photocatalysis, radiolysis and
indirect electrolysis [1].

The heterogeneous photocatalytical system con-
sists of semiconductive particles, which act as pho-
tocatalyst in contact with the reaction medium.
Irradiation of the semiconductor (e.g. TiO,) with
photons of energy, Av, greater than the bandgap
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energy generates charge carrier pairs, positive holes
and electrons

TiO, ™ ht 4 e (1)

The charge carriers react on the photocatalyst surface
with molecules of an acceptor and of a donor if their
redox potentials lie within the bandgap. However,
before the electrons and holes reach the surface, they
may undergo recombination, which is generally re-
ponsible for low efficiency in systems employing
semiconductor catalysts for photochemical conver-
sion of light energy [2].

Hoffmann et al. [3] described variables important
in determining the reaction rate and extent of trans-
formation during photocatalytic degradation. They
include the semiconductor concentration, the reactive
surface area and porosity of the photocatalyst ag-
gregates, the concentrations of both donors and ac-
ceptors, the incident light intensity, the pH, the
presence of competitive sorbates and the temperature.

Trillas et al. [4] investigated the photocatalytic
oxidation of phenoxyacetic acid in illuminated sus-
pension of TiO,. They found that the degradation
rate was proportional to the square root of the light
intensity. This indicates that the electron—hole re-
combination process is an important event and that
the energy efficiency is low.

Kormann et al. [5] studied the photocatalytic de-
gradation of chloroform in aqueous suspensions of
TiO,. The quantum efficiency of the photo degrada-
tion of CHCl;y (I' = 0.56% at A =330 nm and pho-
ton flux 2.8 x 107 einstein dm~3 min~!) was found
to be inversely proportional to the square root of the
incident light intensity.

Recently Butterfield er al. [6] used a falling film
reactor consisting of stainless steel pipe coated on the
inside surface with TiO, sol—gel film for photocata-
lytic degradation of organic polutants. The film was
illuminated by an ultraviolet light tube inserted down
the axis of the vertical pipe. The disadvantage of this
photoreactor is that it cannot work under natural sun
light.

This work is a continuation of a previous study
which was devoted to the influence of mass transfer
rate of both oxygen and oxalic acid on the degrada-
tion of oxalic acid in liquid film which circulated over
a semiconductive layer of titanium dioxide particles
on a glass plate [7]. The aim is an investigation of the
light intensity effect on the photocatalytic degrada-
tion rate of oxalic acid and a critical discussion of
three previously postulated limiting cases [7].

2. Theory

A typical characteristic of semiconductive metallic
oxides is the extremely high oxidative potential of the
holes. This enables one electron oxidation of water
with the generation of a strongly oxidative hydroxyl
radical (OH") [1].

H,O +h" — OH- + HF (2)

Equation 2 states that a hole reacts with water with
the formation of one hydroxyl radical. This radical,
bound to the semiconductor surface, is a chemical
equivalent to the surface trapped hole [8]. The hy-
droxyl radical is able to react with almost all organic
molecules and thus to initiate the oxidative degra-
dation. The dissolved oxygen generally acts as an
electron acceptor. In previous work [7] the mecha-
nism of the reaction of O, with an electron was de-
scribed and it was reported that the consumption of
one molecule of oxygen is connected with the con-
sumption of three or four electrons:

0, +3e” +3H" — OH: + H,O (3)
0O, +4e” +2H,0 — 40H™ 4)
The mechanism of the reaction of oxalic acid with

hydroxyl radical (OH-) can be described by the fol-
lowing equations

(COOH), + OH- — HOOC—COO- + H,0  (5)
HOOC—COO- — CO, + -COOH (6)

Two -COOH radicals either recombine with the for-
mation of oxalic acid,
2:COOH — (COOH), (7a)

or disproportionate with the formation of carbon
dioxide and formic acid:
2+-COOH — CO; + HCOOH (7a)
Formic acid further reacts with the hydroxyl radical
(OH-) as follows
HCOOH + OH- — -COOH + H,0 (8)

Considering Reactions 5, 6 and 7(a) or 5, 6, 7(b) and
8, gives the same overall reaction for oxidation of
oxalic acid by hydroxyl radicals

(COOH), +20H: — 2CO; +2H,0 9)
Combining Equations 1, 2, 9 and 3 or 4, overall

equations describing the total oxidation of oxalic acid
can be obtained:

2(COOH), + O, + 3hv — 4CO, + 2H,0
2(COOH), + O, + 4hv — 4CO, + 2H,0

(10)
(11)

On the one hand, Equations 10 and 11 describe the
photocatalytic oxidation of oxalic acid via con-
sumption of a different number of photons (3/2, 4/2)
per molecule of oxalic acid. On the other hand, the
consumption of oxygen molecules (1/2) per molecule
of oxalic acid is the same for both the above men-
tioned equations. The stoichiometric coefficient for Av
and O, in Equations 10 and 11 will be denoted as vy,
and vo,, respectively.

3. Experimental details

The plate solar reactor (Fig. 1) was described previ-
ously [7]. The only change was that the parallel plate
with 10 ultraviolet sun bed bulbs (Osram Eversun
L40W/79K) was mounted above the glass plate at a



distance of 10.5 cm (in some cases at 110 cm). The
preparation of the TiO, layer (Degussa P 25) was
similar to that proposed by Bockelmann [9] and was
also, together with the oxalic acid determination,
described previously [7].

4. Results and discussion
4.1. Determination of the photon flux

The light intensity on the reactor plate was measured
photometrically (photometer/radiometer model 450
with a 550-2 type C multiprobe detector, EG&G,
USA). Light intensities for a different number of
tubes mounted on the parallel plate at a distance of
110 cm above the glass plate with TiO, are repre-
sented in Fig. 2. They were measured along the longer
axis of the photocatalyst plate. It is apparent that the
light intensity increased with the number of tubes and
was relatively regularly distributed. A slight decrease
in the light intensity due to the geometry of tubes was
observed at both ends of the plate. An average light
intensity (for a particular number of sunbed tubes)
was calculated using 20 values of light intensity
measured at different positions of the reactor plate.
An average photon flux, J, (einstein mol~' cm™2),
was calculated from the average light intensity,
I(uW cm~2) by the equation
1 m
C]NA/’! (]2)
where ¢, Na, A are listed at the outset and /A, is the
wavelength corresponding to the maximum emission
of the sun bed tubes (3.55 x 107> cm).

I =

4.2. Balance equations for a plate reactor
in batch mode

The degradation flux density of an organic com-
pound, Jore (mol cm~2 s7!), in a batch mode reactor
can be expressed in differential form as

sun bed tubes

glass plate with TiO,

Fig. 1. Schematic representation of the batch mode plate photo-
reactor with a flow of the solution. Description: (H) holding tank,
(P) pump, (V) Venturi tube, (d) a distance between the sun bed
tubes and the glass plate with TiO, (10.5 or 110 cm), (L) length of
the reactor plate (120 cm), («) inclination angle (10°).
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Fig. 2. Dependence of light intensity distribution along length of
plate photoreactor on the number of sun bed tubes (placed at a
distance 110 cm above the plate with TiO;). Key: (@) 1 tube, (H) 3
tubes, (A) 5 tubes, (V) 10 tubes.

Vi dcorg
— S 1
A dr (13)

The volume of liquid covering the reactor plate V is
negligible in comparison with the total volume of
liquid 7;. A well mixed liquid circulates over the plate
with a volumetric flow rate Q. Owing to a relatively
high volumetric flow rate, the concentration changes
of the organic compound in the liquid film along the
reactor plate are negligible in comparison with the
bulk concentration of that compound. In the pre-
vious paper [7] the calculation of the decrease in ox-
alic acid in the flowing film was described. Using the
same approach it was calculated that for a flow rate
of 42 cm? s7! the average flowing film thickness was
0.49 mm and the oxalic acid concentration change
was 0.83 x 10~* mol dm~3. For an oxalic acid con-
centration in the holding tank of 0.005 and 0.001 mol
dm~* the concentration change is about 1.6% and
8.4%, respectively.

The molar flux of photons, J,, used for the pho-
todegradation of oxalic acid follows from the stoi-
chiometry of Reaction 11

_’Jorg’ -

th = M |Jorg| (14)
Vorg

Similarly, the flux density of oxygen, Jo,, is given by

(15)

Ay
‘J02| =2

Vorg ’Jorg|
The limiting flux density is defined for the case when
the concentration of the species (oxygen or organic
compound) at the surface of the »n-TiO, layer de-
creases to zero due to the photocatalytic reaction.
Depending on the values of the limiting flux densities
of all, oxygen, oxalic acid and photons, three different
limiting cases given by the following conditions can
be considered:
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. 1 1
(1) |J02,lim| < —Jpy and |J02,lim‘ L — |Jorg,lim|
Vhy Vorg

| 1 1
(11) - |Jorg,lim’ < ’JOg.lim‘ and — ‘Jorg‘lim’ < 7th
Vorg Vorg Vhy

oo 1 1
(lll) — I K |J0271im| and —Jn K |Jorg7]im|
Vhy Vay

Vorg

The consumption of photons per mole of electron
scavenger (oxygen) and per molecule of organic
compound (oxalic acid) forms the background of the
calculation. The development of equations for mass
transfer coefficient which permits the calculation of
the limiting flux density was reported in the first part
of the paper [7]. The analysis was performed for a
model compound, oxalic acid, but is also applicable
for other organic compounds providing the con-
sumption of photons and electron scavenger (oxygen)
per molecule of organic compound is known. The
multiplying coefficients in Equations 14-16 and 19
follows from the stoichiometry of the Equation 11
(Vv =4, Vorg =2 and vo, = 1).

Case (i) describes the situation, when the flux
density of photons and of oxalic acid to the photo-
catalyst plate are sufficiently high and the flux density
of oxygen is a limiting factor. Introducing Equation
15 into Equation 13 and integrating gives a linear
decrease of the organic compound concentration with
irradiation time

(16)

Case (ii) is valid for a very low bulk concentration
of oxalic acid. The flux density of photons and of
oxygen are significantly higher than the limiting flux
density of oxalic acid. Due to the photocatalytic re-
action the concentration of oxalic acid on the pho-
tocatalyst surface (3 ) should be equal to zero. Then

org
Jorg lim Mmay be expressed as

A
Cgrg(f) = cgrg(o) - 2; |0, jim| T

A

—_ org
Jorg,lim = _Dorgé—
N,org

(17)

From the integration of Equation 13 it follows that
the concentration of oxalic acid decreases exponen-
tially with irradiation time.

Cases (i) and (i1) were studied in detail in the
previous work [7]. The effect of flow rate and oxygen
bubbling on the degradation rate of (COOH), were
investigated at a constant photon flux density,
Jw = 1 x 1078 einstein cm 2 s~ !, and for initial oxalic
acid concentrations in the range from 0.0025 to 0.01 m
(case (i)) and 0.0001 M (case (ii)). It was found that
the degradation rate of oxalic acid increased with
increasing flow rate and with increase in the oxygen
concentration (bubbling of the holding tank with
oxygen). It was concluded, in agreement with other
works [10-12], that the photocatalytic degradation
was controlled by the mass transport of both
substances ((COOH),, O,) participating in the pho-
tocatalytic reactions on the TiO, surface. The degra-
dation flux density of oxalic acid was calculated from
the observed concentration decay (Equation 13). The

limiting flux density of oxygen to the TiO, surface
was calculated by

0
€o
2 18
Sxo) (18)

Jo, lim = —Do,

where Do, is the diffusion coefficient of oxygen, cO02
the oxygen concentration in the solution and dn 0, the
Nernst diffusion layer thickness. on0, Was calculated
for the given hydrodynamic conditions (flow rate,
viscosity, inclination and width of the plate). The
theoretical degradation flux density of oxalic acid was
calculated from the limiting flux density of oxygen
(Equation 15) assuming that the rate of photocatal-
ysis is controlled by the transport of oxygen to the
photocatalyst surface. The experimentally measured
(Equation 13) and theoretically calculated (Equation
15) degradation flux densities of oxalic acid were in a
good agreement which showed that the rate of pho-
tocatalysis was controlled by the transport of oxygen
to the photocatalyst surface in the concentration
range 0.0025 to 0.01 M (COOH);) and for the photon
flux density (1 x 10~ einstein cm=2 s~ 1) [7].
Case (iii) is similar to case (i). Replacing Jo, jim In
Equation 20 by 1J;, we obtain
14
Cgrg(r) = Cgrg(o) - EVrJhVT
which shows that the concentration decreases linearly
with irradiation time.

(19)

4.3. Effect of the light intensity

The dependence of degradation rate on the light in-
tensity was studied with the aim of confirming the
limiting effect of the photon flux. Figure 3 shows the
decrease in the oxalic acid concentration with irra-
diation time for various photon flux densities and for
a constant flow rate of 2.5 dm?® min~'. The depen-
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Fig. 3. Dependence of oxalic acid concentration on irradiation
time for different photon flux intensities. Flow rate 2.5 dm® min~',
V; = 15 dm?. Photon flux density / 10~'0 einstein cm2 s~!: (O) 107,

(©) 25.6, (0) 15.1, (V) 8.9 and (A) 3.26.



dencies are linear for all photon flux densities, which
confirms the theoretical assumption that the rate of
photocatalysis is controlled either by the oxygen flux
(Equation 16, case (i)) or by the photon flux (Equa-
tion 19, case (iii)). The dependence of photocatalysis
rates (slopes dc/dt) on the photon flux density is
shown in Fig. 4 for two different flow rates. The rate
increases linearly for lower photon flux densities
while for values higher than approximately 2.5x 1077
einstein cm~2 s~!, the increase in reaction rate is
slower. The enhancement of the photocatalysis rate
by flow rate and by oxygen bubbling (Fig. 5) de-
pended on the light intensity. For the photon flux
density 1.07 x 10~% einstein cm= s~!, the photoca-
talysis rate increased with change of flow rate (from
2.5 dm?® min~! to 3.2 dm?® min~!) by 15% while for
3.26 x 10719 einstein cm~2 s~! it increased by 45%.
The photocatalysis rate increased with the oxygen
bubbling by 55% (1.07 x 10~% einstein cm™2 s7')
while for the photon flux density 3.26 x 10! einstein
cm~2 s~! it increased only by 20%. It seems that the
influence of flow rate decreases while that of oxygen
bubbling (increase of oxygen concentration) increases
with increasing photon flux density.

It follows from Figs 4 and 5 that the degradation
rate is controlled by the photon flux density and by
the oxygen diffusion from the bulk of the flowing
liquid film to the TiO; surface for the initial oxalic
acid concentration 0.005 M and photon flux density
in the range 3.26 x 1079 to 1.07 x 10~® einstein cm 2
s~!. An important issue is: under which conditions is
the photocatalysis rate controlled by only one of
these factors? Table 1 summarizes both experimental
(Equation 13) and theoretical (Equation 15) degra-
dation flux densities of oxalic acid, the limiting flux
densities of oxygen (Equation 19) and the quantum
yields, I (%) for different light intensities given by the
relation

o
L

degradation rate of (COOH),, -dc/dt / 10" mol cm2 s™!

o +——r——r
0 20 40 60 80 100 120

photon flux density / 10-° Einstein cm s

Fig. 4. Effect of flow rate on dependence of the oxalic acid de-
gradation rate, dc/dt, on the photon flux density. ¥ = 15 dm?.
Flow rate/dm® min~': (0) 2.5 and (A) 3.2.
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degradation rate of (COOH), ,dc/dt/ 10" mol cm? s

(=)
I I

T
20 40 60 80 100 120

photon flux density / 10 Einstein cm? s

o

Fig. 5. Effect of oxygen concentration on dependence of the oxalic
acid degradation rate, dc/dz, on the photon flux density. Flow rate
2.5 dm?® min.”!, ¥, = 15 dm®. Key: (O—0) without oxygen bub-
bling; (A --- A) with oxygen bubbling.

Ve W dcorg -
Vorg Jmwd dt

|4 dcorg

I' =100
thA dr

(20)

It can be seen that the quantum yield decreases
with increasing light intensity. This can be attributed
to the fact that the number of the electron and hole
pairs photogenerated in the semiconductive TiO,
particles increases with increasing light intensity,
which favours at the same time the recombination
against the charge transfer processes.

From Table 1 it is apparent that, while the theo-
retical degradation flux density does not change with
light intensity, since it is given by the limiting flux
density of oxygen, the experimental degradation flux
density decreases with decreasing light intensity. It
can be suggested that the degradation rate is con-
trolled, not only by the oxygen transfer, but also by
the photon flux and that the consideration of the
three limiting cases, (i), (i1) and (iii), should be cor-
rected. The photometric photon flux irradiating the
TiO, surface (significantly higher than the limiting
flux of oxygen) leads to the formation of a lower
number of charge carrier pairs exploitable for
photacatalytic reactions due to the incomplete ab-
sorption and recombination. It was assumed in the
calculation of limiting cases (i), (ii) and (iii) that the
photon flux, Jy,, is equal to the photon flux measured
photometrically. In fact this photon flux should be
decreased by photons which are not absorbed in the
TiO; layer and by the number of charge carrier pairs
which undergo recombination.

Equations 16 and 19 describe the theoretical linear
dependence of the oxalic acid concentration on the
irradiation time for the cases in which the rate
determining step is the oxygen flux (16) or photon
flux (19). Table 2 shows both experimental (from
Fig. 3) and theoretical slopes of the reaction rate,
de/dr.
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Table 1. Photocatalytic degradation of oxalic acid under different experimental conditions. Batch mode plate photoreactor with TiO, layer
(length L = 120 cm, widthw = 60 cm), total volume of aqueous solution V, = 15000 cm?, sunbed tubes Osram Eversun LAOW|79K, oxygen

concentration, cgz = 3.125x 107" mol em™3, diffusion coeffcient of oxygen, Do, =2.34 X 1075 en® s

2 571, temperature 22 + 1°C

Exp. flow rate initial photon flux experimental theoretical theoretical Quantum
number  [dm® min™'] concentration  density x 10'®  decomposition decomposition limiting flux yield
of (COOH), [Einstein flux flux density of (eq. (23))
x 10° em™2 s density of density of oxygen x 10 [%]
[mol cm™?] (COOH), x 10" (COOH), x 10" (eq. (15))
(eq. (13)) (eq. (21)) [mol cm™ 7]
[mol cm™2 7] [mol cm™2 7]
1 2.5 5.04 3.26 0.231 7.92 3.96 14.2
2 2.5 5.05 8.90 0.548 7.92 3.96 12.3
3 25 5.06 15.1 0.840 7.92 3.96 11.1
4 2.5 5.25 254 1.46 7.92 3.96 11.5
5 2.5 5.33 107 4.79 7.92 3.96 8.9
6 3.2 5.42 3.26 0.331 8.14 4.07 20.3
7 3.2 5.27 8.90 0.709 8.14 4.07 159
8 3.2 5.26 15.1 0.953 8.14 4.07 12.6
9 3.2 5.18 25.4 1.600 8.14 4.07 12.6
10 3.2 5.50 107 5.530 8.14 4.07 10.3
11* 25 5.15 3.26 0.281 11.89 5.94%* 17.2
12* 2.5 5.44 15.1 0.841 11.89 5.94** 11.1
13* 2.5 5.36 107 7.440 11.89 5.94%* 13.9

*bubbling with oxgyen

**oxygen concentration 4.69 x 1077 mol cm™

Table 2. Theorectical and experimental reaction rates (e.g. slopes dc/dr) for the photocatalytic degradation of (COOH ), for different light

intensities (flow rate 2.5 dm® min™", initial concentration 0.005 )

photon flux theoretical theoretical theoretical slope  experimental ratio of teor. ratio of teor.
density x 10'° limiting slope dc/dt in slope (eq. (19)) and  (eq. (22)) and
[Einstein cm™2 s™!]  flux density of dc/dt in eq. (13) x 1071° de/dt x 10" experiment experiment
oxygen x 10 eq. (19) x 107'° [mol em™ 571 eq. (13) slope slope
(eq. (15) [mol] [mol cm™> s7'] [mol cm™3 s7']
3.26 3.96 -3.80 -0.78 —-0.115 33.0 6.8
8.90 3.96 -3.80 -2.14 —-0.263 14.4 8.1
15.1 3.96 -3.80 -3.63 —0.403 9.4 9.0
254 3.96 -3.80 —6.10 —-0.701 5.4 8.7
107 3.96 -3.80 —25.68 -2.30 1.6 11.2

A relatively good agreement can be seen in case (i)
(Equation 16) only for the photon flux density 1.07 x
108 einstein cm~2 s~! as reported previously [7].

The deviation increases with decreasing photon flux
density which indicates that the process is not con-
trolled by oxygen transfer alone but also by the photon
flux. In case (iii) (Equation 19) the deviation is caused
by incomplete absorption and by recombination of
the main part of the photodegraded clectrons and
holes. If J;, in Equation 19 were replaced by the cor-
rected photon flux density (the measured photon flux
density less the photons not absorbed in the photo-
catalyst and the number of the recombined electrons
and holes) satisfactory agreement between the exper-
imental and calculated slope dc/dt would be expected.

5. Conclusion

It was found experimentally that the concentration of
oxalic acid decreases linearly during photocatalysis.
This confirms that the rate of photocatalysis is con-
trolled by the flux of both oxygen and photons at

higher concentration of oxalic acid (>0.005m) and
photon flux densities in the range 3.26 x 107" to
1.07 x 1078 einstein cm~2 s~!. These two effects act
simultaneously and we did not find a region where
only one effect was the rate determining step. The
influence of oxygen concentration increases with the
increasing photon flux which suggests that both
effects are mutually combined in the photon flux
density range employed. Oxygen can effect the
recombination processes due to its reaction with
electrons and therefore, at the same time, increase the
efficiency of photons absorbed in the TiO, particles.
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