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a b s t r a c t
Photocatalytic degradation of organic components in water by means of TiO2 nanosuspensions under
ultraviolet (UV) irradiation represents an efﬁcient method for water puriﬁcation. In the present paper,
a modeling approach is proposed to simulate the involved kinetic processes based on the Langmuir–
Hinshelwood mechanism. The extended model also includes the formation of intermediate organic components either by an incremental degradation mechanism or by a fragmentation mechanism. Model
parameters were estimated from comparison with experimental ﬁndings. To demonstrate these models,
adsorption and degradation experiments were performed using the antibiotic ciproﬂoxacin and the dye
methylene blue as organic compounds and TiO2 and ZnO as photocatalytic materials. By comparing our
simulations with concentration measurements, we found that the adsorption of organic molecules on the
surface of the photocatalyst was rate determining at an irradiation intensity of about 20 W m2. The
derived adsorption rates for ZnO were considerably higher than those for TiO2. The calculated concentration evolution of intermediates as well as the TOC evolution are discussed for different model
assumptions with respect to their desorption rates from the photocatalyst surface.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Many pollutants, such as heavy metals, dyes, and pharmaceuticals are discharged into the water cycle at many stages in our daily
lives. In particular, antibiotics represent a serious problem because
of their toxicity to microﬂora and -fauna, and of the possible
development of antibiotic-resistant microorganisms [1–3]. Global
over- and abuse of antibiotics has resulted in their concentrations
steadily increasing in wastewater [4]. Another common pollutants
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are dyes, which are widely used in various industries and which
are often released into the wastewater. Some dyes are toxic,
mutagenic [5] or carcinogenic [6] and should therefore be removed
from wastewater.
Photocatalytic oxidation is a promising approach in the
puriﬁcation of water, which is contaminated with organic
pollutants [7–11]. Successful degradation experiments have been
reported [7] for various organic molecules, such as azo dyes [12],
furfural [13], sulfamethoxazole [14], and acetylene [15]. An efﬁcient way to study the photocatalytic oxidation process is the
application of suspensions of photocatalytic nanoparticles, since
these suspensions exhibit a large speciﬁc surface area. For example, the anatase phase of TiO2 is known for its good photocatalytic
properties [16,17].
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Nomenclature
a
A(ad)
A(aq)
as
Am
C AðadÞ
C AðaqÞ
C AðaqÞ;0
C AðaqÞ;1
C MðaqÞ
CP
D
E0=1
Edes
I0
jads
jdes

particle spacing (m)
adsorbed organic molecule
organic molecule in solution
speciﬁc surface area (m1 )
surface area covered per molecule (m2 )
concentration of adsorbed organic molecules (m2 )
concentration of organic molecules in solution (m3 )
initial concentration of organic molecules in solution
(m3 )
equilibrium concentration of organic molecules in solution (m3 )
concentration of mineralized components in solution
(m3 )
particle concentration (m3 )
diffusion coefﬁcient (m2 s1 )
ﬁt parameters for kdes
desorption energy (J)
photon ﬂux (m2 s1 )
adsorption ﬂux (m2 s1 )
desorption ﬂux (m2 s1 )

The simulation of the kinetic processes, which are involved in
the photocatalytic oxidation of organic pollutants, are expected
to lead to a deeper quantitative understanding of the whole mineralization process. This could also help in optimizing the design of
reactors for photocatalytic water puriﬁcation. A very important
issue of reactor design is the radiation transport in the reaction volume, investigated for example in [18–20]. The degradation kinetics
of organic pollutants has often been described within the framework of the Langmuir–Hinshelwood (LH) model (see e.g. [10] and
references therein). For example, Minero [21] discussed several
kinetic models of the photocatalytic process with the aim to obtain
equations with physical meaning and reduced complexity. An
experimental validation of reported kinetic models has been performed by Andreozzi et al. [22] for the photocatalytic degradation
of 4-nitrophenol. The LH model combined with a Lambert–Beer
type model for the radiation transport has been applied to describe
the degradation of methylene blue by Sannino et al. [23].
Generally, the photocatalytic mineralization of organic molecules is a complex process, where parts of the initial molecules
are oxidized step by step on the catalyst surface in the presence
of photo-generated radicals. These radicals may also destroy the
molecules’ bonds thereby breaking them into smaller molecules.
These molecules may then desorb from the surface of the photocatalyst. Consequently, various intermediate molecules of different
sizes emerge in the solution. In the present study, we propose
two model approaches of photocatalytic degradation which extend
models with only one molecule species [10,23,24] by including the
evolution of intermediates. In a ﬁrst limiting case, we study degradation by successive oxidation of the elements of the initial molecules, excluding the possibility of molecule fragmentation. Within
a second complementary model, random fragmentation of organic
molecules into smaller intermediates and oxidation of the smallest
fragments is considered. Investigations of the concentration evolution of intermediates have been presented for example in [25–27].
A comprehensive experimental analysis and theoretical modeling
of the degradation of phenol has been reported in [26,27]. The
kinetic model was based on a ‘series–parallel’ reaction network
which included several intermediate species. The model parameters were ﬁtted from measured concentration proﬁles of intermediates in the solution. In the present paper, we propose a model
approach where, besides the concentrations in the solution, we

jreac
kads
kapp
kB
kdes
kreac
M
n
T
t
tD

a0=1
b0=1

g
j
m0
/

H

reaction ﬂux (m2 s1 )
adsorption rate constant (m s1 )
apparent rate constant (s1)
Boltzmann constant (J K1 )
desorption rate constant (s1)
reaction rate constant (s1)
mineralized components
molecule size index
temperature (K)
time (s)
characteristic diffusion time (s)
parameters for m0
parameters for Edes
viscosity
adsorption prefactor (m)
pre-exponential factor (s1 )
quantum yield
surface coverage

explicitly include also the dynamics of the surface concentrations
of adsorbed intermediates. In particular, we demonstrate the effect
of different desorption properties of intermediates on their
concentration evolution.
Our theoretical analysis was compared with degradation
experiments performed on the antibiotic ciproﬂoxacin [28–30]
and on the dye methylene blue [23,24,31] in a photocatalytic
slurry. Nanoparticles of TiO2 and ZnO were used as photocatalysts.
This way, we attempted to obtain characteristic values for kinetic
model parameters. Additionally, we compared also with literature
data on the degradation of methylene blue [31].
This paper is organized as follows. After a brief presentation of
the experimental investigations, different mathematical models to
describe the degradation process of the organic compounds in the
solution are presented. Thereafter, our degradation experiments
are presented and rate constants in our model are determined by
ﬁtting to these measurements. Finally, simulations of the concentration evolution of the initial and intermediate organic molecules,
and of the total organic carbon (TOC) in the solution, are discussed.
2. Materials and methods
2.1. Experimental investigations
For performing adsorption experiments in the dark and degradation experiments under UVA, aqueous solutions of 12.5 lM
ciproﬂoxacin and 11.0 lM methylene blue were prepared. To those
solutions, 1 g L1 of TiO2 P25 (Evonik) or ZnO (IOLITEC Ionic Liquids
Technologies GmbH) was added under constant stirring. The
textural properties of the photocatalyst nanoparticles were analyzed at 77 K by nitrogen adsorption–desorption in a Micromeritics
TriStar analyzer (Micromeritics, Norcross GA). Before performing
adsorption experiments, samples (0.5 g) were outgassed at
26.7 Pa and 350 °C for 6 h. The speciﬁc surface area of the particles
was determined by the Brunauer–Emmett–Teller (BET) method.
In all experiments, the samples were analyzed using a Varian
CARY-100 UV–VIS spectrophotometer. The concentrations were
calculated by comparing the measured absorption spectra to the
calibration curves.
For the absorption experiments in the dark, a sample was taken
using a syringe and then pressed through a ﬁlter (Rotilabo nylon,
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pore size 0.2 lm) 40 s after the photocatalytic nanoparticles were
added. This procedure was then repeated several times. All samples were centrifuged for 60 min, after which the supernatant
was removed. After the sample was centrifuged for another
60 min, the concentration of the organic compound in the new
supernatant was measured.
The degradation experiments were carried out in 100 ml
borosilicate-glass beakers from VWR with 3.3 mm wall thickness
and 5 cm diameter. Prior to the degradation experiments, samples
were stirred in the dark for 30 min so that an adsorption–desorption equilibrium of the organic molecules on the photocatalyst surface was obtained. An amount of 50 ml of this solution was then
exposed under continuous stirring to UVA-radiation with an intensity peak at 365 nm. The illuminating device was equipped with 6
Philips 8 W mercurial ﬂuorescent tubes manufactured by UMEX.
Two beakers were placed in 15 cm distance from the illumination
device. The UV intensity ranged from 18 to 19 W m2 and was
determined by a UV34 Lux Meter (PCE). For analyzing the temporal
degradation of organic molecules, samples were taken from the
solution at certain time intervals and subsequently ﬁltered and
centrifuged to remove the catalyst nanoparticles.
2.2. Modeling approach
The processes, occurring during photocatalytic degradation of
organic components in the solution, are illustrated in Fig. 1. We
consider here the case where mineralization of organic molecules
takes place mainly at the surface of the photocatalytic material.
Possible reactions of radicals and organic compounds in the water
are neglected. The organic components diffuse to the surface of the
photocatalytic nanoparticles, where they are adsorbed and mineralized. In competition to the process of mineralization is the
desorption and diffusion of the organic molecules away from the
photocatalytic particles. In our modeling approach, we suppose
that the oxygen supply for mineralization is sufﬁcient during the
entire process.
At the beginning of this complex process, starting from a homogeneous concentration of organic molecules, their adsorption at
the nanoparticle surface could lead to a slight concentration
gradient around the particles, depending on the adsorption rate.
However, the concentration proﬁle strongly ﬂattens in a very short
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time due to the relatively fast diffusion of the organic molecules in
the solution. By means of the Stokes–Einstein equation

D ¼ kB T=ð6pgrÞ

ð1Þ

3

where g ¼ 10 Pa s is the dynamic viscosity of water and
r ¼ 0:4 nm is the radius of a sphere with volume equal to the
van-der-Waals volume of ciproﬂoxacin, we ﬁnd a diffusion coefﬁcient of 5:2  1010 m2 s1 . A similar value of 6:7  1010 m2 s1 is
obtained when using the empirical equation presented by Wilke
and Chang [32]. The order of magnitude of the diffusion distance
to the nanoparticles, which the molecules have to cover, is given
by a ¼ C 1=3
, where C P is the particle concentration. For a particle
P
suspension of 1 g L1 TiO2 and an upper estimate of the particle
radius of 50 nm (considering possible agglomeration), one ﬁnds
for example a  1300 nm and a characteristic diffusion time
tD ¼ a2 =D ¼ 2:5  103 s [33]. Since this time is orders of magnitude
smaller than the time, where signiﬁcant mineralization of the
organic molecules occurs, an almost homogeneous molecule
concentration between nanoparticles can be assumed in the following approaches.
2.2.1. Single organic species model
In our modeling approach, we follow at ﬁrst previous studies
(see for example [10,12] and references therein) and consider an
idealized model system with only one organic species in aqueous
solution. The organic molecules in the solution adsorb onto the
particle and are mineralized due to photocatalytic reactions as
expressed by the reaction equations

AðaqÞ¡AðadÞ ! MðaqÞ

ð2Þ

The molecules can also desorb before mineralization. This
applies especially to experiments performed in the dark, where
mineralization does not occur. Temporal changes of the molecule
concentration in the solution C AðaqÞ (in m3) and the concentration
on the photocatalyst particle surface C AðadÞ (in m2) are given by

d
C AðadÞ ¼ jads  jdes  jreac
dt

ð3Þ

d
C AðaqÞ ¼ as ðjdes  jads Þ
dt

ð4Þ

These equations include the speciﬁc surface area of the
nanoparticles as and different molecule ﬂuxes

Fig. 1. Illustration of processes occurring during mineralization of organic molecules at the surface of photocatalytic nanoparticles in solution. Due to degradation
and desorption, various intermediate organic molecules (fragments) can emerge on
the surface and in the solution.

jads ¼ kads ð1  HÞC AðaqÞ

ð5Þ

jdes ¼ kdes C AðadÞ

ð6Þ

jreac ¼ kreac C AðadÞ

ð7Þ

The adsorption ﬂux jads is proportional to the molecule concentration in the solution and the free surface area of the particles,
assuming that only one monolayer is formed. The surface coverage
H is given by H ¼ Am C AðadÞ with Am as the surface area covered by
one molecule. This area was estimated by the largest possible projection of the Connolly surface [34] around the three-dimensional
molecule structure (probe molecule: water, r ¼ 1:4 Å), which was
calculated by using the software pymol [35]. The reaction ﬂux
jreac describes the number of mineralized molecules per area and
time. Both desorption and reaction ﬂuxes are proportional to the
concentration of organic molecules on the surface. In the limiting
case of small surface coverage H  1, the system of ordinary differential equations, Eqs. (3) and (4), becomes linear and can be
solved analytically (cf. Appendix).
The rate constants kads ; kdes , and kreac can be derived from the
experimentally obtained data. First the adsorption and desorption
rates are obtained from experiments of the concentration
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evolution C AðaqÞ ðtÞ in the dark. After an initial decrease of the
concentration, a stationary value is reached due to adsorption–
desorption equilibrium at the particle surface. For sufﬁciently
dilute molecule concentration, the emerging coverage on the
particle surface is very small: H  1. Then, the concentration
evolution results as solution of Eq. (3) with jreac ¼ 0

C AðaqÞ ðtÞ ¼ C AðaqÞ;0

exp½ðkads as þ kdes Þt þ kdes ðkads as Þ
1 þ kdes ðkads as Þ

1

1

ð8Þ

Generally, the adsorption rate constants can be determined from
accurate measurements of the initial concentration change
dC AðaqÞ =dt at t ¼ 0, when the coverage is still negligible

kads ¼ 

C_ AðaqÞ ð0Þ
as C AðaqÞ;0

(b)

ð9Þ

With the knowledge of kads , the desorption rate constant kdes is
then obtained from the measured asymptotic concentration value
C AðaqÞ;1 ¼ C AðaqÞ ðt ! 1Þ.
From
the
adsorption–desorption
equilibrium jads ¼ jdes , we ﬁnd with H ¼ Am C AðadÞ

kdes ¼ kads ð1  Am C AðadÞ;1 Þ

(a)

C AðaqÞ;1
C AðadÞ;1

ð10Þ

where the asymptotic surface concentration follows from the total
particle balance as

C AðadÞ;1 ¼ a1
s ðC AðaqÞ;0  C AðaqÞ;1 Þ:

ð11Þ

After determination of the rate constants kads and kdes by means
of experiments conducted in the dark, the reaction rate constant
kreac is determined from concentration measurements obtained in
the degradation experiments under illumination. In this ﬁtting
procedure, Eqs. (3) and (4) are solved numerically.
For the case of a fast establishment of an adsorption–desorption
equilibrium with quasi-stationary surface concentration C_ AðadÞ ¼ 0
(i.e. jC_ AðadÞ j  kads C AðaqÞ ; kdes C AðadÞ ), the surface concentration in
the system of Eqs. (3) and (4) can be eliminated. The solution of
Eq. (3) in the limit of small coverage H  1 reads then
1

C AðadÞ ¼ C AðaqÞ kads ðkdes þ kreac Þ . Insertion of this expression into
Eq. (4) yields C_ AðaqÞ ¼ kapp C AðaqÞ with the solution

C AðaqÞ ðtÞ ¼ C AðaqÞ;0 expðkapp tÞ

ð12Þ

where the apparent degradation rate constant is given by

kapp ¼ as kads kreac ðkdes þ kreac Þ

1

ð13Þ

Thus, for kdes  kreac , we ﬁnd kapp ¼ as kads . This means that the
degradation rate becomes adsorption-limited and does not depend
on the reaction rate constant. In the opposite case, kdes  kreac , one
obtains kapp ¼ as kads kreac =kdes . Then, the degradation rate is proportional to the reaction rate constant.
2.2.2. Multiple organic species model
The single organic species model is appropriate for analyzing
the adsorption–desorption process of the initial organic
compounds. However, photocatalytic mineralization of organic
molecules is a complex process, accompanied by the formation of
various intermediates in several reaction steps. Therefore, we consider two idealized mechanisms of the mineralization reaction
(Fig. 2). In the ﬁrst model, the initial organic molecule is oxidized
step by step, i.e. only a small part (e.g. one carbon atom) is oxidized
in one step (Fig. 2a). This model is thus referred to as incremental
oxidation model. In the second model, referred to as fragmentation
model, we consider the possibility that bonds within the molecule
are destroyed due to photocatalytic reactions so that the molecule
breaks into smaller molecules (Fig. 2b). In both models, also inter-

Fig. 2. Illustration of reaction steps in the two multiple organic species models: (a)
incremental oxidation and removal of single carbon atoms and (b) formation of
fragments of molecules by bond breaking and subsequent oxidation of the smallest
fragments.

mediates may desorb from the catalyst surface. Thus, we have to
introduce concentrations of different species in the solution and
on the surface of the catalyst. The different species will be characterized solely by their size.
2.2.2.1. Incremental oxidation model. As an example, we consider
here initial organic compounds and their intermediates, which
are distinguished by their number of carbon atoms n. Within the
incremental oxidation model, the molecule degradation is
described in an idealized manner by oxidation and removal of
one carbon atom in every reaction step (Fig. 2a). Adsorption,
desorption, and mineralization of a molecule of size n can therefore
be expressed by the reaction equations

An ðaqÞ¡An ðadÞ ! Aðn1Þ ðadÞ þ MðaqÞ

ð14Þ

The concentration evolution of molecules of size n P 2 and of
the mineralized component are given by

d
C A ðadÞ ¼ jn;ads  jn;des  jn;reac þ jðnþ1Þ;reac
dt n

ð15Þ

d
C A ðaqÞ ¼ as ðjn;des  jn;ads Þ
dt n

ð16Þ

n
max
X
d
jn;reac
C MðaqÞ ¼ as 2j2;reac þ
dt
n¼3

!
ð17Þ

with the ﬂuxes given by

jn;ads ¼ kn;ads ð1  HÞC An ðaqÞ

ð18Þ

jn;des ¼ kn;des C An ðadÞ

ð19Þ

jn;reac ¼ kn;reac C An ðadÞ

ð20Þ

The ﬂux jðnþ1Þ;reac in Eq. (15) describes the formation of
molecules of size n due to oxidation of molecules of size n þ 1.
To track the evolution of the concentration of the mineralized component C M in the solution, the reaction ﬂuxes due to mineralization
of all molecules are summed in Eq. (17). For simplicity, we assume
the rate constants in Eqs. (21)–(23) to vary only with the molecule
size n
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kn;ads ¼ jDn

ð21Þ



Edes ðnÞ
kn;des ¼ m0 ðnÞ exp 
kB T

ð22Þ

An ðaqÞ¡An ðadÞ ! Aðn1Þ ðadÞ þ MðaqÞ

ð23Þ

! Aðn3Þ ðadÞ þ A3 ðadÞ

kn;reac ¼ I0 / An

a molecule of size n is equal to n  1. The corresponding reaction
equations for the species An are

! Aðn2Þ ðadÞ þ A2 ðadÞ

This simplifying assumption has been made since the size of
molecules should considerably affect the rate constants. Which
seems particularly appropriate for chain molecules with equal
repeating units. In general, the rate constants depend of course also
on the speciﬁc element composition and conﬁguration of the molecules. In a rough manner, we choose the adsorption rate constant
to be proportional to the diffusion constant of the molecules, which
in turn is determined by their size according to the Stokes–Einstein
equation, Eq. (1). The molar volume, used to estimate the spherical
molecule radius, is supposed to be proportional to the number of
carbon atoms n. The reaction rate constant is chosen to be proportional to the area of the photocatalyst surface covered by the molecule. The remaining constants j, and / in Eqs. (21)–(23) are
chosen to match the rate constants for the largest initial molecule.
To our knowledge, little is known about the dependence of the
desorption rate constant on the size of the molecule in the case of
aqueous solutions. For the desorption of organic molecules in vacuum, temperature-programmed desorption (TPD) studies [36] and
molecular dynamics simulations [37] have been performed. For
example, for the desorption of alkanes CnH2n+2 from the
MgO(1 0 0) surface, experimental investigations in [36] showed
the desorption energy to depend linearly on the chain length n:
1
Edes ðnÞ ¼ ð6:5 þ 7:1nÞ kJ mol . The pre-exponential factor m0
strongly increased from 1013:1 to 1019:1 for n varying from 1 to
10. To what extent similar tendencies apply to desorption in aqueous solutions is not known. We consider, as a possible assumption
in our model, that an analogous behavior occurs, where the
desorption energy and pre-exponential factor depend on the molecule size in the following way

Edes ðnÞ ¼ E0 þ E1 n

ð24Þ

m0 ðnÞ ¼ a0 10a1 n

ð25Þ

The parameters in these equations were chosen in a way that
the desorption rate agrees with the rate derived from the initial
organic molecules. As a consequence of such a strong size dependence, small intermediate molecules exhibit high desorption rates,
leading to a small mineralization rate of these components. As
demonstrated below, this results in a very slow decay of the TOC
signal even after long exposure time. Such residual long-term
TOC signals have been reported in [31,38–40].
The desorption rate of intermediates depends of course not only
on the molecule size, but crucially also on their chemical structure.
The TOC signal in many degradation studies has been observed to
vanish completely after moderate illumination exposure [41]. For
this reason, we consider also the case of weak size dependence of
the desorption rate of intermediates. As a possible model function
for this size dependence, we have chosen the simple relationship

kn;des ¼ b0 þ b1 =n
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ð26Þ

with only two parameters. Because of its simplicity, relationship
(26) facilitates parameter ﬁts.
2.2.2.2. Fragmentation model. In this model, we consider the limiting case that photocatalytic reactions lead to the consecutive
destruction of bonds in the molecules on the catalyst surface
(Fig. 2b). Only the smallest fragments are mineralized. We study
chain molecules, where the number of possible fragmentations of

ð27Þ

! MðaqÞ þ Aðn1Þ ðadÞ
The concentration evolution for n P 2 is described by equations
that are similar to the ones above

d
C A ðadÞ ¼ jn;ads  jn;des  jn;reac þ jn;reac
dt n

ð28Þ

d
C A ðaqÞ ¼ as ðjn;des  jn;ads Þ
dt n

ð29Þ

d
C MðaqÞ ¼ as j1;reac
dt

ð30Þ

However, according to Eq. (27), several reaction pathways are
possible for an adsorbed molecule. Thus, the evolution of an
intermediate molecule of size n is inﬂuenced by the reactions of
all larger molecules. This is included in the reaction ﬂux as the
sum over all possible fragmentations of larger molecules

jn;reac ¼

nmax
X
m¼nþ1

2
km;reac C Am ðadÞ
m1

ð31Þ

Thereby, we have assumed that m  1 possible fragmentations
of a molecule of size m occur with equal probability, leading to
the weight factor 2=ðm  1Þ.
2.3. Numerical procedure
The evolution of the concentrations C An ðaqÞ ; C An ðadÞ , and C MðaqÞ
was calculated in a python environment extended by the scipy
modules [42]. The above system of differential equations was
solved by means of the LSODA routine from the ODEPACK library
[43] with a special python interface. The LSODA routine is a derivate of the Livermore Solver for Ordinary Differential Equations
with the capability to switch automatically between a non-stiff
and stiff solver depending on the behavior of the problem. The stiff
solver uses backward differentiation formulas and the nonstiff solver an Adams predictor-corrector method.
3. Results and discussion
We present our calculated concentration evolutions of organic
components in the aqueous solution based on the modeling
approach proposed above. The speciﬁc surface area of nanoparticles, used in the calculations, was derived from BET measurements.
For the P25 TiO2 nanopowder, a value of 56 m2 g1 in agreement
with reported data [44] was obtained, and for the ZnO nanopowder
a value of 5:23 m2 g1 . The absorption rate constants kads were ﬁrst
determined from concentration measurements performed in the
dark. The corresponding values, calculated by using Eq. (9), are
listed in Table 1. These values have the same order of magnitude
as reported in [45]. From the asymptotic concentration values
measured at adsorption–desorption equilibrium, C AðaqÞ;1 , the
desorption rate constants were determined by the use of Eqs.
(10) and (11) (cf. Table 1). The data show that the adsorption rate
of methylene blue on ZnO is smaller than that of ciproﬂoxacin.
Comparing the two catalysts, one ﬁnds that adsorption on ZnO is
about 20 times faster than on TiO2. This demonstrates that ZnO
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Table 1
Adsorption and desorption rate constants derived from experiments in the dark for
the compounds ciproﬂoxacin (CIP) and methylene blue (MB) using photocatalysts
TiO2 and ZnO, respectively.
System
TiO2–CIP

a

kads (m s1)

kdes (s1)

8

2:05  102

8

3:7  10

TiO2–MBa

2:1  10

2:85  102

ZnO–CIP

7:5  107

9:4  103

ZnO–MB

5:4  107

9:3  103

Fit from degradation experiment.

presents a more attractive surface for the tested organic molecules
compared to TiO2.
The results of our degradation experiments under UVA irradation are shown in Fig. 3. To ﬁt the measured data points within
the framework of the single organic species model considered
above, we used the adsorption rate constants derived from the
adsorption experiments conducted in the dark. The ﬁtting procedure revealed that all values for the reaction rate constant above
a certain threshold ﬁt the measured data points. From this observation, we conclude that adsorption of organic compounds was rate
determining and that the reaction rate constant is greater than
the desorption rate constant (cf. the discussion at the end of Section 2.2.1). To determine the adsorption rate constant for the system TiO2–methylene blue kads was ﬁtted to the degradation curve,
assuming adsorption to be rate-determining.
Further experiments (Fig. 4a) with one half of the TiO2 particle
concentration revealed that the degradation of ciproﬂoxacin slows
down with degradation half-life time differing by a factor of 2.05,
i.e. close to the expected value 2. This corresponds to the model
prediction in Eq. (13) where the rate constant is proportional to
the speciﬁc particle surface as . Measurements of the ciproﬂoxacin
concentration for degradation on TiO2 with reduced UVA irradiation are shown in Fig. 4b. Remarkably, the curve ﬁt yields a
reaction rate constant kreac ¼ 0:01 s1 which is one half of the
desorption rate constant. According to the expression for the
apparent rate constant Eq. (13), this means that at this irradiation
intensity and below the degradation rate becomes reactionlimited.

The slight disagreement between the ﬁtted exponential curve in
Fig. 4b and the measurement data reﬂect presumably the limits of
the single organic species model. Development and adsorption of
intermediates could modify the degradation of ciproﬂoxacin.
Often, the concentration evolution of the initial organic compound can be well described by an exponential decay expðkapp tÞ
with kapp as the apparent degradation rate constant [31,39,40,45]
(cf. Eq. (12)). Also, measurements of the evolution of the total
organic carbon (TOC) in the solution often show an exponentiallike decay. There are, however, also studies where the TOC does
not exhibit such behavior [31,38–40]. This is likely related to the
mineralization kinetics of intermediate organic compounds. To
demonstrate such complex degradation kinetics of the intermediates, Fig. 5 shows our calculated concentration evolutions of all
intermediates.
In Fig. 5a, the case of a weak dependence of the desorption rates
of intermediates on the molecule size n is considered (cf. Eq. (26)).
For the incremental oxidation model (Fig. 5a) as well as for the
fragmentation model (Fig. 5c), all intermediates are mineralized
within moderate irradiation time. Clearly, the smallest intermediate needs the longest time since its desorption rate is the largest.
For the incremental oxidation model, small intermediates emerge
with some delay, whereas in the fragmentation model all compounds are produced with similar initial rates. In addition, for
the latter model, particularly high concentrations of small intermediates arise, which are formed by fragmentation of all larger intermediates; this is contrary to the incremental oxidation mechanism.
The concentration curves in Fig. 5b and d demonstrate that a
strong increase of the desorption rate of intermediates with
decreasing molecule size (cf. Eq. (25)) strongly inhibits the complete mineralization of organic compounds in the solution. The
smaller intermediates remain intact during long irradiation time.
This is due to their high desorption rate, leading to a very low
surface coverage. Possibly, these small intermediates could be oxidized to a noticeable extent by radicals in the aqueous solution.
This reaction path was however neglected in the present model.
The characteristic concentration evolutions in Fig. 5 can be
compared with experimental measurements. For example, the
plots in Fig. 5c are similar to the evolution of certain intermediates
during photocatalytic degradation of sulfamethoxazole observed in

(a)

(b)

(c)

(d)

Fig. 3. Measured concentration evolutions during degradation of ciproﬂoxacin (a+b) and methylene blue (c+d) under UVA-irradiation with 1.0 g L1 catalysts TiO2 (a+c) and
ZnO (b+d). The full lines represent ﬁts according to the above single organic species model using the values of kads and kdes determined from experiments in the dark (Table 1).
The dotted line in panel (c) was obtained by ﬁtting kads from the degradation curve, assuming adsorption to be rate-determining.
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(a)

(b)

Fig. 4. Measured concentration evolutions during degradation of ciproﬂoxacin with TiO2. Compared to Fig. 3a, a reduced TiO2 particle concentration of 0.5 g L1 (a), and a
lower UVA-irradiation of 5.5 W m2 (b) was used. The lines represent ﬁts according to the single organic species model using the values of kads and kdes determined from the
dark experiments (Table 1). The ﬁtted reaction constant in panel (b) is kreac ¼ 0:01 s1 .

(a)

(c)

(b)

(d)

Fig. 5. Calculated concentration evolutions of intermediates of size n (curve label) based on the incremental oxidation (a+b) or fragmentation (c+d) model with weak (a+c) or
strong (b+d) dependence of the desorption rate constants on the molecule size n according to Eqs. (24)–(26). Parameters: nmax ¼ 17; as ¼ 56; 000 m1 ,
j ¼ 61:5; I0 / ¼ 3:81  1017 s1 m2 ; weak: b1 ¼ 0:8 s1 ; b0 ¼ 0:029 s1 ; strong: E1 ¼ 3:0 kJ mol1 ; E0 ¼ 44:0 kJ mol1 ; a1 ¼ 0:412; a0 ¼ 1:51  108 s1 .

[14]. Also in the case of the intensively studied degradation of phenol [27,26], the intermediate concentrations show a similar form to
Fig. 5c. The evolution of reaction intermediates has been explored
also for the gas phase oxidation of decane [46]. Many intermediates show concentration evolutions similar to Fig. 5c. However,
there are also few crossings of concentration proﬁles as seen in
Fig. 5b.
The total amount of organic compounds remaining in the solution after irradiation is commonly characterized by measuring the
TOC. For this reason, we have also calculated the evolution of the
TOC within our proposed models. Fig. 6 displays the characteristic
differences of the TOC evolution between the two degradation
mechanisms discussed above. For weak size dependence of the
desorption rate of intermediates, the incremental oxidation mechanism under moderate irradiation shows an exponential-like decay
of the TOC signal as the organic material disappears. For the
fragmentation mechanism and weak size dependence of the
desorption rates of intermediates, the TOC curve shows an inﬂection point at the beginning (at about 10–20 min). This slight initial
delay in the TOC signal reduction is caused by the fact that only the
smallest fragments are mineralized. Their formation obviously
needs a certain amount of time. In the case of the incremental

Fig. 6. Comparison between the TOC evolution for the incremental oxidation and
the fragmentation model for weak and strong size dependence of the desorption
rate. Parameters as in Fig. 5.

degradation mechanism and strong size dependence of the desorption rate, the TOC signal shows a fast initial decrease followed by a
considerably slower decay, whereas the fragmentation mechanism
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TOC evolution reveal that high desorption rates of small intermediate molecules cause a slow long-term decay of the TOC signal.
For a more realistic simulation of the degradation process, the
idealized incremental oxidation and fragmentation mechanisms
of the present model can be modiﬁed by species-speciﬁc reaction
paths. Our modeling approach should also be applicable for the
simulation of air puriﬁcation. In particular, for air puriﬁcation
systems, adsorption and desorption rate constants for many
molecules have been reported in the literature [46] .
Acknowledgements

Fig. 7. Simulation results for the degradation of methylene blue by TiO2 based on
data reported in [31] (as ¼ 140; 000 m1 ). The full line is a ﬁt according to the single
organic species model. The resulting parameters (kads ¼ 3:0  109 ms1 ;
kdes ¼ 6:8  103 s1 ) were used for ﬁtting the TOC curves. For the reaction constant
kreac ¼ 10kdes was chosen. The desorption behavior of the intermediates was
modeled by Eq. (26) with nmax ¼ 16 (fragmentation model: b0 ¼ 6:57  103 s1 ;
b1 ¼ 0:122 s1 ; incremental oxidation model: b0 ¼ 3:06  102 s1 ; b1 ¼
0:496 s1 ).

shows a slower initial decrease. For both degradation mechanisms
with strong size dependence of the desorption rate, a certain
amount of the organic compounds remains after reasonable irradiation exposure.
The degradation of methylene blue on TiO2 and the corresponding TOC evolution was studied by Houas et al. [31]. From the
presented adsorption experiments, we extracted the adsorption
and desorption rate constants, given in Fig. 7. Differences to the
values found in our experiments can be due to different pH values
of the solutions. Analysis of the degradation data within the single
organic species model suggested that the degradation is adsorption-limited, i.e. kreac is considerably larger than kdes . Thus, we have
chosen kreac ¼ 10kreac in our simulations. Fig. 7 shows our simulation results for the TOC data in [31] obtained within our incremental oxidation and fragmentation models and using Eq. (26) for the
description of the desorption behavior of intermediates. The number of intermediates was roughly chosen as the number of carbon
atoms in methylene blue (nmax ¼ 16). Comparison of the ﬁtted TOC
curves in Fig. 7 with the experimental data shows that both models
give no complete agreement. The long-term evolution seems better
ﬁtted by the incremental oxidation model, presumably after initially dominant fragmentation has occurred. Clearly, for a detailed
quantitative understanding of TOC measurements as well as of the
evolution of intermediates, the knowledge of their species-speciﬁc
adsorption–desorption properties is of great importance.

4. Conclusions
An extended modeling approach for the simulation of the
degradation of organic molecules in water by means of photocatalytic nanosuspensions was presented. The model includes the formation of intermediate organic components either by incremental
oxidation or by fragmentation of molecules. Rate constants in the
model were determined by comparison with experimental ﬁndings
on four model systems (ciproﬂoxacin or methylene blue combined
with photocatalysts TiO2 or ZnO). The adsorption rates for ZnO
were considerably higher compared to TiO2. Fitting our
simulations to the measurements showed that adsorption of the
organic molecules on the photocatalyst was the rate determining
process for sufﬁciently high UVA-irradiation of about 20 W m2.
By decreasing the intensity, the photocatalytic reaction on the catalyst surface becomes rate determining. Our simulations of the
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thank Henrik Frenzel, Virginia Gómez Jiménez, and Li Li for support
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Appendix A. Analytical solution
For the single organic species model, the solution of Eqs. (3) and
(4) in the limiting case H  1 is given by

C AðaqÞ ðtÞ ¼ k1 expðk1 tÞ þ k2 expðk2 tÞ
C AðadÞ ðtÞ ¼ k1

k1 þ as kads
k2 þ as kads
expðk1 tÞ þ k2
expðk2 tÞ
as kdes
as kdes

ðA:1Þ
ðA:2Þ

k1 ¼

as kdes C AðadÞ;0  ðas kads þ k2 ÞC AðaqÞ;0
k1  k2

ðA:3Þ

k2 ¼

as kdes C AðadÞ;0  ðas kads þ k1 ÞC AðaqÞ;0
k2  k1

ðA:4Þ

k1 ¼ 


1=2 
1
#0 þ #20  4as kads kreac
2

ðA:5Þ

k2 ¼ 


1=2 
1
#0  #20  4as kads kreac
2

ðA:6Þ

#0 ¼ as kads þ kdes þ kreac

ðA:7Þ
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