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Abstract

The reaction kinetics of the photocatalytic oxidation (PCO) of the herbicides isoproturon, simazine and propazine over irradiated TiO,
(Degussa P25) suspensions were studied in multicomponent systems in a laboratory-scale annular photoreactor operated in recirculation batch
mode. The multicomponent kinetic model established was then extended to take into account the direct effect of radiation absorbed by the TiO,
photocatalyst in order to obtain intrinsic kinetic parameters independent of the radiation field in the photoreactor. An analysis of the radiation field
in the photoreaction space was accomplished using a recently published Six-Flux Radiation Absorption-Scattering model (SFM) to decouple the
values of the apparent reaction kinetic constants from the local volumetric rate of photon absorption (LVRPA) in the rate law of PCO of herbicide.
The resulting rate laws with explicit dependence on the LVRPA were then used to predict, through accurate reactor modeling, the degradation of the
herbicides in an optimal configuration of a flow-through, pilot-scale, falling film photoreactor. In a plant treatment scenario the total operating costs

of the PCO of herbicides were calculated to be 3.75 Euro m >.

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

Herbicides are widely used in agriculture to control weed
growth in crops. As a result, their residues are found in rivers,
lakes, underground waters and drinking water supplies [1-4].
The elimination of herbicides in drinking water usually
involves the use of granular activated carbon, however, this
treatment process tends to be inefficient at the lowest
concentration levels (ppb or ppt) and with polar compounds
and ultimately does not eliminate the herbicides from the
environment. Photocatalytic oxidation (PCQO) provides a
feasible route for the destruction of trace concentrations of
herbicides from the environment and in drinking water [5-7].

PCO occurs as a result of the interaction of a semiconductor
photocatalyst and UV radiation that yields highly reactive
hydroxyl radicals, which are believed to be the main species
responsible for the oxidation of organic substrates [8]. The most
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commonly used photocatalyst is titanium dioxide (TiO;), which
is inexpensive, abundant, photostable and non-toxic.

PCO kinetics of many organic substrates have been analyzed
in terms of pseudo Langmuir-Hinshelwood (L-H) rate
equations. However, the fitting of experimental data with
L—H type kinetic models has so far only been demonstrated for
the PCO of organic substrates in single-component systems
[5,8—10]. In general, kinetic studies of the PCO of multi-
component systems composed of different organic substrates,
which compete for the active sites on the surface of the
photocatalyst, can rarely be found in the literature. Further-
more, pseudo L-H kinetic parameters are usually determined
without the explicit consideration of photon absorption and
scattering in the reactor, unless an accurate analysis of the
radiation field in the photoreactor has been implemented in the
kinetic model. As a result, the rate laws and kinetic parameters
are not scalable to reactors of different size or geometry and the
resulting L-H type kinetic model remains a property of the
reactor from which it was derived. This is probably the reason
why most pilot-scale photoreactors are still designed using
empirical (build and test) or semi-empirical methods.
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model parameter SFM

geometrical coefficient

model parameter SFM

photocatalyst concentration (kg m~>)

substrate concentration (mol m_3)

herbicide concentration at initial time or in the
feed stream to reactor (mol m73)

herbicide concentration at the exit of N reactors
in series (mol m %)

length of the reactor (m)

radiation intensity (or radiative flux) (W m2)
radiation intensity divided wavelength of radia-
tion (W m> nmfl)

maximum value of radiation intensity at surface
E=0(Wm™)

dimensionless radiation intensity or dimension-
less LVRPA (=/, /Igf(’)‘

kinetic constant (mol m? sfl)

kinetic constant independent of radiation
absorbed (mol s ' m™3 (W m~3)7%9)

binding constant (m> mol 1)

lamp length (m)

(LVRPA) local volumetric rate of photon absorption

(Wm™)

(LVRPA)" dimensionless local volumetric rate of photon

m

S

<o T XD

series

< <

absorption (=(LVRPA)/(LVRPA); %)

order of the reaction with respect to the LVRPA
Damkohler number

Reynolds number

number of herbicides in solution

number of reactors in series

probability of photon scattering in the backward
direction

probability of photon scattering in the forward
direction

probability of photon scattering in the side direc-
tion

volumetric flow rate fed to reactor module
(m’s™)

volumetric flow rate of falling film down the
column (m3 sfl)

radial coordinate (m)

dimensionless radial coordinate (=#/R)

rate of the reaction with respect to herbicide j
(mol s 'm™? )

lamp radius (m)

external radius of annulus (m)

time (s)

single pass conversion

overall conversion in N reactor in series

fluid velocity (m s h

total volume of fluid in recirculation system (the
reactor, the tubing, the feed tank) (m%)

V: reactor volume (the physical space occupied by
the liquid in the reactor) (m%)

z axial coordinate (m)

z dimensionless axial coordinate (=z/H)

Greek letters

o geometrical parameter (=H/L)

B geometrical parameter (=L/nR)

y dimensionless parameter SFM

8 thickness of the annulus or of the falling film (m)

n ratio of internal radius to external radius of
annulus

K specific mass absorption coefficient averaged
over the spectrum of the incident radiation
(m*kg ")
radiation wavelength (m)

v kinematic viscosity (m?s™ 1)

& reaction space radial coordinate or film thickness
coordinate (m)

£ dimensionless reaction space radial coordinate or
film thickness coordinate (=£/6)

o specific mass scattering coefficient averaged over
the spectrum of the incident radiation (m? kg_l)

T optical thickness

Tapp apparent optical thickness

X conversion of j in reactor with recycle

W recycle ratio

w scattering albedo (=0/(o + k))

Weorr corrected scattering albedo SFM

Subscripts

i intermediate reaction product

Jj herbicide

/ lamp

max maximum

min minimum

A wavelength

nR position at inner wall of annulus

w lamp wall

%z direction along the axial coordinate
£ & direction along the film transversal coordinate
0 position at inner wall of annulus
Superscripts

* dimensionless variable

in position at inlet of the reactor

max maximum value

out position at outlet of the reactor

In this study we rationalize these aspects and we begin by
describing the results of an accurate kinetic study of the
photocatalytic oxidation of multicomponent systems of three of
the most common herbicides: isoproturon, simazine and
propazine (Fig. 1). This study, carried out in laboratory-scale
annular photoreactor operated in a recirculation batch mode,
yielded kinetic parameters that are independent of the radiation
field in the photoreactor. We then consider an optimal
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Fig. 1. Molecular structure of the herbicides studied.

configuration of a pilot-scale, continuous flow ‘““falling film”
reactor utilizing a single, commercially available, UVA lamp.
In this paper, we describe the modeling of the reactor and the
scale-up of the herbicide treatment process to predict by
numerical simulations the herbicide conversions. Finally, we
estimate the operating cost for a plant-scale PCO reactor
network.

2. Methods
2.1. Laboratory-scale annular photoreactor

Materials, methods, equipment and analytical procedures
were the same as those reported previously [11,12]. Briefly,
photocatalytic experiments on the herbicides (Pestanal,
Analytical Standard, >99%, Riedel-de Haén) were carried
out in a 0.134 L annular photocatalytic reactor irradiated with
an eight Watt UVA lamp (Philips TL 8W/08 F8 TS/BLB). The
reactor is described in detail elsewhere [11,12]. The reactor was
operated in a recirculation batch mode (Fig. 2) with 0.4 g L'
of a suspension of TiO, (Degussa P25) in ultrapure water. The
total volume of the suspension in the system was 2 L. Samples
collected at appropriate time intervals were filtered through
0.45 pm, 25 mm EasyDisc nylon filters (Whatman) to remove
the TiO, particles and promptly analyzed by an Agilent 1100
series high performance liquid chromatograph system fitted
with a diode array detector and autosampler. The initial
concentration of each herbicide was in the range 3 mg L™" to
70 wg L™ and the reaction were followed down to the HPLC

Power supply

o8

.| Reactor

< s
\ 4

UVlamp [ ||
Flowmeter
O, sparger
Oxygen N
Gl Peristaltic Pump

Drain Sample
Port

Fig. 2. Schematic diagram of the laboratory-scale, annular photocatalytic
reactor system.

detection limit (0.16 pg L™" for isoproturon, 3.2 pg L™" for
simazine, and 7.2 pgL~' for propazine). Experiments at
different photon fluxes were carried out by changing the power
supplied to the lamp using a variable power supply unit. The
UV-A photon flux at the lamp wall, in the wavelength interval
between 343 nm and 380 nm, was varied in the range from
36.5Wm > to 67.1 Wm ™ [12].

3. Results and discussion
3.1. Multicomponent herbicide degradation kinetics

In our previous study [11] isoproturon was found to degrade
at a much faster rate (approximately four times higher) than
simazine and propazine. This was explained by a higher degree
of photocatalyst surface coverage of isoproturon as shown by
the dark adsorption studies and by the accessibility of its
molecular structure to OH radical attack. In contrast, simazine
and propazine exhibited similar rates of degradation, as
anticipated considering the similarity of the molecular
structures. Moreover, simazine and propazine yield cianuric
acid as the final oxidation product, while isoproturon can be
fully mineralized to CO, and organic acids. In multicomponent
experiments with equimolar solutions of all three herbicides,
they were found to degrade at lower rates than when analyzed in
single-component experiments suggesting competitive inhibi-
tion kinetics among the herbicides. This competition was
modeled by the L-H rate laws [11] as shown below:

—r k;K;C,

= S withj=1,2,...,n (1)
T+ Y K Coj !

where k; (mol L 's™" and K; (L mol™ ') are the reaction
kinetic constant and binding constant of the herbicide j respec-
tively, C; (L mol_l) is the concentration of herbicide in solu-
tion, Cy; (L molfl) the concentration of herbicide in solution at
the initial time (batch reactor) or in the reactor feed (flow-
through reactor) and » is the number of herbicides in solution.

Note that the denominator in Eq. (1) takes into account the
effect of the intermediate reaction products since it assumes a
stepwise reaction scheme with identical binding constants of
the intermediates and the herbicide such that:

K;Cj+ <ZK,-C[>

where K; (L mol ") is the binding constant of the intermediate
product adsorbed onto the surface of TiO, and C; is the
concentration of the intermediate in solution.

= K;Co; (2

J
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Table 1
Herbicide binding constants on TiO, Degussa P25 measured in the dark and
under UVA irradiation at natural pH of the suspension (Co; < 1 mg LY [11]

Herbicide Kaare X 10° (L mol™) Kuv x 10° (L mol 1)
Isoproturon 6.2087 £ 0.739 5.7926 £ 0.6012
Simazine 3.4982 + 0.143 6.1005 + 0.9654
Propazine 3.0435 £ 0.262 4.2802 £+ 0.7899

The kinetics parameters k; (mol L 's ! and K; (L mol )
were determined from single-component experiments with
each herbicide and they where substituted in Eq. (1) to model
the time-dependent degradation profiles of multicomponent
systems of herbicide. The results presented in Gora et al. [11]
show that a reasonably good fit of the degradation profiles of
multicomponent herbicides mixtures was obtained when using
the kinetic approximation of Eq. (2). When the reaction
intermediates were ignored in the kinetic model (replace Cy,
with C; in Eq. (1)) an overestimation of the degradation was
observed for the experiments conducted at the initial herbicide
concentrations approaching monolayer saturation of the TiO,
surface. Thus, it was concluded that the reaction intermediates
do play an important role in determining the degradation
kinetics of the herbicides and that these must be taken into
account in the kinetic rate laws (Eq. (1)).

The L-H rate equations were successfully extended to
represent the time-dependent degradation profiles of multi-
component systems of herbicides, using the kinetic parameters
determined in single-component experiments. Contrary to
previous published work [10] the binding constants of the
herbicides observed under dark adsorption and under PCO were
found to be of the same order of magnitude (Table 1) therefore it
was suggested that the degradation of isoproturon, simazine and
propazine and their mixtures follow a surface or near-surface
reaction according to a competitive L-H mechanism. The
above findings were observed only at herbicide concentrations
less than approximately 1 mg L~" at which monolayer cover-
age of TiO, is attained. Above 1 mg L™" it was concluded that
there is a departure from the L-H mechanism due to multilayer
adsorption of the herbicides leading to faster herbicide
degradation kinetics.

3.2. Herbicide reaction kinetics with explicit photon
absorption effects

In general, PCO reaction kinetics equations presented in the
literature are applicable to the photoreactor geometry and the
experimental conditions under which they have been estab-
lished, unless an analysis of the radiation field in the
photoreactor has been implemented in the kinetic model.
Various forms of these rate laws presented in the literature show
Langmuirian dependence on the substrate concentration and
either power law dependence on the incident photon flux at the
front wall of the photoreactor, or power law dependence on the
overall radiation absorbed in the photoreactor. The dependence
of the apparent reaction kinetic constants on the radiation
absorbed within the photoreactor must be established if the

kinetic model is to be made scalable to photoreactors of any size
or geometry. To accomplish this task, the radiation field in the
photoreactor must be modeled, which involves solving the
radiative transfer equation (RTE) for the participating media
[13]. This yields the spatial distribution of the local volumetric
rate of photon absorption (LVRPA) which must appear in the
kinetic rate law of the substrates [14].

Dark adsorption studies of the herbicides (Co; < 1 mg Lfl)
over the photocatalyst (TiO, Degussa P25) revealed that the
values of the binding constants were of the same order of
magnitude as those measured under UV irradiation, (Table 1).
In consequence, it may be reasonably concluded that the K;
values in Eq. (1) are independent of radiation absorption. The
L-H kinetic constant k; therefore is the only kinetic parameter
which might depend on the LVRPA within the reaction space. In
accordance with mechanistic studies of PCO of organic
substrates in the literature [15-16], a power law dependence
of the reaction rate constant on the LVRPA may be suggested to
model the PCO kinetics of multicomponent herbicides as
shown below:

K;C;

—r; = kr (LVRPA)" — =1
J T‘J( ) 1+Zj:1KjCOj

3)

In Eq. (3) above kr; is a kinetic constant independent of photon
absorption and including the primary quantum yield for elec-
tron-hole generation within the photocatalyst, LVRPA is the
local volumetric rate of photon absorption. Eq. (3) is strictly
valid for monochromatic irradiation only. In the case of poly-
chromatic radiation the LVRPA may be averaged over the
useful spectrum of the incident radiation up to wavelengths
less than 380 nm for TiO, Degussa P25 [12]. However, caution
should be exercised in this case, especially when using lamps
with irregular emission spectrums, as using the averaged
LVRPA is clearly not rigorous and may lead to errors. The
exponent m of the LVRPA depends on the efficiency of
electron—hole formation and recombination at the catalyst
surface and takes a value between 0.5 and 1 providing the
reaction is kinetically controlled. Kinetic studies on the effect
of the incident radiation have shown that at weak intensities the
observed rate of oxidation is first-order with respect to radiation
intensity [17], and shifts to half-order once the rate of electron-
hole formation becomes greater than the photocatalytic rate,
favouring electron—hole recombination [18].

The analysis of the radiation field in the photoreaction space
was accomplished using the Six-Flux Radiation Absorption-
Scattering model (SFM) [12,19-21] to decouple the values of the
apparent reaction kinetic constants from the LVRPA in the rate
law of herbicide PCO. The SFM assumes that photon scattering
fluxes can occur along the six directions of the Cartesian
coordinates only. The SFM yields a realistic representation of the
LVRPA in the reaction space, with computational time needs in
the range of a few minutes on a standard PC.

The optical parameters of the TiO, suspension necessary to
evaluate the LVRPA using the SFM were determined under the
prevalent condition of particle agglomeration in the reactor [12]
and are reported in Table 2.
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Table 2
Optical parameters of the TiO, (Degussa P25) suspension averaged over the
wavelength range 343 nm to 380 nm [12]

Model parameter Value
Scattering albedo, @ 0.8617
Specific absorption coefficient 186.7 m* kg !
Specific scattering coefficient 11633 m* kg ™!

The LVRPA at each point in the reaction space of the annular
photoreactor calculated with the SFM is:

Ta IO
LVRPA = PP
weorr(1 —y)(1 = )R
n
T /1 Nex] corr 1
T (- nE] [
+ \/ 1 - wgorr)exp(_.[appé*)
+ V(wcorr -1- 1 - wgorr)exp(rapps*)] (4)

The apparent optical thickness t,p,, 0f the reaction space is related
to the ““characteristic extinction length” of photons when radia-
tion scattering is present and corresponds to the optical thickness,
which would be measured using a “geometrically thick™ photo-
reactor system with scattering particles. In the derivation of
Eq. (4) negligible absorption of radiation by the fluid and by
the dissolved species was assumed compared to the absorption of
radiation by the photocatalytic particles. As a result, the LVRPA
is independent of time. This assumption is most often valid with
diluted solutions of weakly absorbing species, such as herbicides.
Further assumptions invoked in the derivation of Eq. (4) are
reported in Toepfer et al. [12] (note that Eq. (4) in reference [12]
is missing a term at the denominator due to a typographical error).
Further details on the SFM and its complete derivation from first
principles have been reported in other papers [19-21].

The rate law (Eq. (3)) was combined with the LVRPA
(Eq. (4)) and with the material balance in the batch recirculation
reaction system, which has total volume (V) and reactor volume
(V). It was integrated using the initial conditions (¢ = 0, C; = Cy;
with j=1, 2, ..., n) to yield the time-dependent degradation
profiles of each herbicide in a multicomponent experiment [12]:

Y ( Jy, (LVRPA)" dvr) t)
X

C;,= Cojexp<—J

7 %)
% 1+ K,;Co;

where n is the number of herbicides in solution. Note that V, is
the physical space occupied by the liquid in the reactor and Vis
total volume of fluid in the recirculation system comprising the
reactor, the tubing and the feed tank.

3.3. Herbicide kinetic parameters

One of the main objectives of this work was to demonstrate
fitting of the degradation profiles of multicomponent solutions
of herbicides using kinetic constants determined from single-
component experiments. The kinetic parameters in Egs. (3) and

Table 3
Intrinsic kinetic parameters independent of radiation absorption [12]

Herbicide Kinetic parameters

kr; x 107° K; x 10°

(mol L™" min~! x (Wm™3) 799 (L mol™")
Isoproturon 35.751 £0.291 5.7926 £ 0.6012
Simazine 9.6674 £+ 0.077 6.1005 £ 0.9654
Propazine 10.831 £ 0.062 4.2802 + 0.7899

(5) where determined using a linearized plot method from
single-herbicide experiments (n=1) as reported in Toepfer
et al. [12] and the values which apply to the photocatalytic
oxidation of isoproturon, simazine and propazine are repro-
duced in Table 3. The parameter m in Eq. (3) and (5) was
determined to be 0.5 (photocatalyst electron—hole recombina-
tion prevails) under the range of photon fluxes investigated [12].
Eq. (5) with the kinetic parameters shown in Table 3 was
found to provide a satisfactory fit of the degradation profiles of
isoproturon, simazine and propazine in equimolar and non-
equimolar multicomponent experiments proving the validity of
the model [12]. It is important to recognize that this model
should be used only when the overall initial herbicide
concentration is less than approximately 1 mg L™".

3.4. Herbicide conversions in a pilot-scale falling-film
photoreactor

3.4.1. Pilot-scale falling film photoreactor

The reactor design of a pilot-scale falling film photoreactor
(Fig. 3) has been described in previous papers [22,23]. The
reactor geometry is specifically designed for optimal absorption
of radiation emitted by a single, commercially available UVA
lamp. It consists of a vertical stainless steel hollow column in
which a falling film of a slurry suspension of TiO, flows along
the internal wall of the column. A 36 W UVA blacklight lamp
(Philips TL-D 36W/08 SLV) is suspended in the centre of the
column and protected by a borosilicate glass lamp shield. Since
the falling film has a free surface and does not touch the lamp

Fig. 3. Schematic diagram of pilot-scale, falling-film photoreactor.
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Table 4
Specifications of pilot-scale falling film photoreactor and operating conditions.

Photoreactor dimensions
Length, H
Inner radius, L

1.6 m
0.108 m

Lamp specifications

Lamp type Philips TL-D 36W/08 SLV

Nominal power rating 36 W

Bulb length, L 1.2m

Bulb radius, r 0.014 m
Lifetime 12000 h
Photon flux at lamp wall, f;ff:: Iy, dA 442Wm™?

Geometrical parameters o=1.333; =22222

Falling film fluid-dynamics
Flowrate down the column (Q° + Q)
Film thickness, §
Film Reynolds number
Optical parameters (TiO, Degussa P25)

40.4 L min~"
0.481 x 10> m
725 (laminar)
As in Table 2

shield, the incident photon flux reaching the thin-film
suspension remains constant over time. This is not the case
in conventional annular photoreactors which are affected by the
problem of “filming” of the inner wall of the annulus.

Table 5
Mathematical model of the pilot-scale falling-film photocatalytic reactor”

The radiation emission spectra of the UV lamps used in the
pilot- and laboratory-scale reactors are identical [12,24]
although the power rating and lamp dimensions are different.
The simulation results presented in this study pertain to
operating the reactor at steady-state in a continuous flow mode
with a partial recycle, i.e., a fraction of the product stream is
recirculated back to the inlet of the reactor. The falling film
reactor is operated under laminar flow conditions to provide
optimal correspondence between fluid residence time and
radiation field [25] while maintaining a high processing rate
and optimum catalyst loading. Table 4 presents the specifica-
tions of the pilot-scale falling film photoreactor and operating
conditions.

3.4.2. Modeling of falling-film photoreactor

The conversion expected in the pilot-scale falling film
photoreactor can be predicted by a mathematical model of the
photoreactor which analyzes appropriately radiation emission
from the lamp, radiation absorption and scattering in the
reaction space and the fluid dynamics. Like every model, a
number of assumptions must be made and these should be
judged to obtain the optimal trade-off between accuracy of the

Geometry of falling film

Velocity profile and Reynolds number

Scattering albedo and optical thickness ®
Maximum radiation intensity at surface (é* =0)
Maximum LVRPA at surface (£ = 0)
Dimensionless radiation intensity I
at inner wall (" = 0)

Dimensionless LVRPA and radiation
model parameters

L
e
Dimensionless variables &= %
(NRc < 750) U; =1- S*Z; VP = %Uz,aerage; NRe = 2R(1—n)o
7= (0 + Kk)Ccard
e = f(o, t);—l’earctan(g) Sim Ly di
(LVRPA)';&:XO = KCea '™ (1 — w) ZI3™ (1

— _O .
o+K’

Dimensionless Design Parameters

H L
a=—;

LR

Falling-film annular geometry (77 = 1)

c; I,
Fe % Zooak Voo G * _ _(LVRPA) 5 — &z
=R Ep v = O = cm (LVRPA)" = (LVRPA)E™ | Lo = s

average

average

_ 26v:

v v

Z

— — T max
£=0 — sler=o = UL — ) R(—1) &

__ arctan[8/2(2az* —a+1)]—arctan[B/2(2az" —a—1)]

=05 T

2arctan(B/2)

Six-flux absorption-scattering model (n =1)

(LVRPA)" = I} . eXp(—Tapp&”)

4w
S0 = (15t (1= 22V T=080) ) (1 + i)

a=1—-wp; —

40 pg

40? p2
‘hb=w Ps
(I—wps—wpy,—2wp5)? Pyt 1

1—wps—wpy—20p;)

2
oo = by y = Voo vl_”’“’"exp(72rapp); Typp = aTy/1 — &2
a 1/ 1-w2or

Herbicides rate equation

Material balance and Damkdhler number dc*

dz*

Transversal distribution of herbicide j at
reactor outlet and conversion
Conversion of j in reactor with recycle

—r; = kr.j(LVRPA)*®

I = —Np,(LVRPA*)**(C%); Np, =

_ Vi
X = iy 1= g

KiCj

———Lt——  j=1,2...,n = number of herbicides in solution.
1+Zf:11<jcoj ’ ’

(LVRPAgy‘jU)O'SH

kr K
X

g
i Y Kico; ¥

Npa — * 1 * ymax 1 «
Ct = exp[1 — AN (g sy = 1 i [ Ca

v!

_o*0

Adapted from [20,25], implementing the SFM [19-21] and herbicide kinetics from [12].
* Assumptions: (i) negligible air friction, (ii) inviscid fluid, (iii) constant surface tension, &, (iv) steady-state falling film laminar flow. Other assumptions see main

text.
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model predictions and complexity of the model. In our
judgement the model reported in dimensionless form by Li
Puma and Brucato [20] reaches the optimal trade-off for reactor
design and optimization purposes. The model was previously
experimentally verified for the photocatalytic oxidation of
salicylic acid [25]. In Table 5 we present the complete model of
the falling-film photoreactor with radiation absorption
described by the six-flux absorption-scattering model under
the assumption that the apparent optical thickness ,p, of the
photoreactor is large enough to make y a small number such
that (1 —y) ~ 1. This is the case for an optically thick
photoreactor, which corresponds to negligible radiation flux
leaving from the outer wall of the annulus (r = R) as would be
expected in optimized commercial photoreactors. In addition,
the degradation kinetics of each herbicide is described by
Eq. (3) with the parameter m = 0.5 and kinetic parameters from
Table 3. The hydrodynamics of the falling film is represented by
the laminar flow model which is applicable at Reynolds
numbers less than 750 [26]. The emission of radiation from the
lamp is modeled using the Linear Source Spherical Emission
(LSSE) model [27]. The essential dimensionless model
parameters necessary to calculate the conversion expected in
the falling-film photoreactor are the apparent optical thickness
Tapp described earlier, the Damkholer number, Np,, (which in
this case has the meaning of the ratio of the overall reaction rate,
calculated at the inlet concentration and at the maximum
photon flux, to the maximum input mass flow rate of the
reactant) and the dimensionless design parameters of the
reactor & and S.

3.4.3. Herbicide conversions in N pilot-scale reactors in
series

The pilot-scale falling film photoreactor described above
can be taken to be an optimized modular reactor system, thus,
scale-up can be realized by connecting a number of the above
reactors either in series or in parallel or in a combination of
both. The effect of TiO, catalyst loading on herbicide
conversions in one reactor module is shown in Fig. 4 for a
selected feed flow rate (0.4 L min~'). The conversions increase
in the range from 0 to 6.5 kg m ™" as result of an increase in the
absorption of radiation as the catalyst concentration is
increased, however, above 6.5 kg m~! the conversions decrease
as a result of the reduction of the penetration depth of radiation
through the suspension. In the case of the falling film laminar
flow velocity profile considered here, the optimal TiO,
concentration tends to shift towards higher catalyst concentra-
tions compared to operation under the turbulent plug flow
falling film velocity profile as a result of the effect of the
advection transport through the z direction, which is more
prominent at £ =0 [20]. From a practical point of view, the
reactor network can be operated at a catalyst concentration of
3kg m~’ (optical thickness T = 1.94; apparent optical thickness
Tapp = 1.17) which should maintain herbicide conversions close
to maximum. As a result this value was selected for use in
further simulations.

Since the herbicide rate laws are first-order in herbicide
concentration, the Damkholer number is independent of
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Fig. 4. Model simulations of the effect of TiO, catalyst loading on conversions
of a multicomponent herbicide solution (Cyp; = 0.33 mg L~ each) in the pilot-
scale falling film photoreactor. Q°=0.4 L min~'; diffuse photon scattering
(po=0.71; ps=0.11; p,=0.045) [21]; other experimental condition from
Table 4.

herbicide concentration, as well as the herbicide conversions.
Thus, for a fixed set of herbicide concentrations in the feed (Cy;)
the overall conversion in N reactors in series is:

COj_CNj

(] — WV
Co; =1-(1=x) (6)

X series —

where y; is the conversion in one reactor module as calculated
from the model in Table 5.

Fig. 5 shows the herbicide conversions as a function of the
number of reactor units connected in series for a feed flow rate of
0.4Lmin"' and herbicide concentrations in the feed of
0.33 mg L' each (upper limit of applicability of herbicide rate
laws). Isoproturon is practically eliminated in 20 reactors, and the
conversion of simazine and propazine is near 80%. By reducing
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Fig. 5. Effect of number of reactors in series on conversions of a multi-
component herbicide solution (Co; =0.33 mg L~" each). 0°=04L min™";
Cear =3 kg m~; diffuse photon scattering (p, =0.71; pr=0.11; ps=0.045)
[21]; other conditions from Table 4.
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Fig. 6. Effect of number of reactors in series on conversions of a multi-
component herbicide solution (Cp;=3 pg L 'each). 0°=04Lmin "
Cear =3 kg m>; diffuse photon scattering (p, =0.71; pr=0.11; ps=0.045)
[21]; other conditions from Table 4.

the herbicide concentration in the feed stream to the series
reactors, the Damkholer number increases, and in consequence
herbicide conversions are expected to increase. Fig. 6 shows
these simulations when the herbicide concentrations in the feed
equal 3 wg L™" each. Isoproturon is fully converted in 8 reactors
and isoproturon and simazine in 20 reactors. Further decreases in
the herbicide feed concentration from this level does not change
the conversion profiles further, since the apparent rate constant in
the herbicide rate laws remains practically constant. It should be
noted that typical concentrations of herbicide in contaminated
groundwater and or surface water are in the range from
0.1pgL 'toafew pgL ™"

3.5. Scaling-up to plant scale

Water treatment by PCO in general should be applied to
contaminated streams with low flowrates. Table 6 summarizes
plant specifications and treatment costs for a plant-scale

Table 6
Plant specifications and treatment cost to treat mixtures of isoproturon, simazine
and propazine in water

Plant specifications

Operating time 24 h day ™"
Flow rate 5.76 m® day '
Herbicides feed concentration Upto3pgL™'
Herbicides conversion Each > 80%
Catalyst concentration (TiO, Degussa P25) 3kgm™?
Catalyst loss (@ 5% per day) 0.12 kg day "
Number of reactors (10 x 10 in series) 100
Reactors foot print 4m?
Volume of suspension in 100 reactors 0.8 m*
Electrical energy for UV lamps 3.6 kWh
Electrical energy for pumps 3.6 kWh
Operating costs
Electricity cost (@ 0.1 Euro kWh™1 3 Eurom >
Lamp replacement cost (@ 6.5 Euro/lamp) 0.23 Euro m >
Catalyst replenishment cost (@ 25 Euro kg ") 0.52 Eurom

treatment facility. Operating costs are dominated by electricity
costs. Catalyst and lamp replacement account for 20% of the
total operating cost. For the plant described in Table 6 the total
operating cost is 3.75 Euro m . There is ample scope of
reducing this cost further, by one-order of magnitude, by either
using solar radiation [28] or by using PCO in combination with
an oxidant and UVC radiation [23]. Therefore, we anticipate
that the use of PCO for treatment of herbicides residues in water
could be economically competitive against current treatment
methods employing adsorption by granular activated carbon.

4. Conclusions

This work has shown the scale-up of laboratory kinetics rate
data to plant scale to treat water contaminated with three
common herbicides. The kinetics of the photocatalytic oxidation
of the herbicides isoproturon, simazine and propazine in
multicomponent systems were studied in a laboratory-scale
annular photoreactor. It was successfully modeled by an
approximation of the Langmuir-Hinshelwood rate equation,
which included the effect of the intermediate products, using
kinetic parameters determined in single-component experi-
ments. Intrinsic kinetic parameters were determined by an
accurate description of the reaction kinetics and the radiation
field in the reactor. Herbicide conversions in an optimized
configuration of a pilot-scale falling film photoreactor were
estimated by a mathematical model of the photoreactor and the
implementation of the reaction kinetics established in the
laboratory-scale reactor. The conversion results, as a function of
the number of reactor modules connected in series, were used to
predict plant specification and operating costs. This analysis is
essential at the design stage of photocatalytic water treatment
plants.

The method presented allows the derivation of reaction rate
laws and reaction kinetic constants which are independent of
the radiation field in the reactor and therefore more universally
applicable to the design and scale-up of photocatalytic reactors
compared to semi-empirical rate laws based on the incident flux
or on the overall radiation absorbed in the photoreactor.
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