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Photocatalytic degradation of the herbicide
imazapyr: do the initial degradation rates correlate
with the adsorption kinetics and isotherms?†
M. Faycal Atitar, a Asmae Bouziani, b Ralf Dillert, ac
Mohamed El Azzouzib and Detlef W. Bahnemann *ad
The objective of this work is to correlate the photocatalytic degradation of the herbicide imazapyr in aqueous suspensions of the commercially available Evonik Aeroxide TiO2 P25 with the dark adsorption phenomena considering both the equilibrium state and the kinetics of adsorption. The results of this study
show that the adsorption of imazapyr onto the TiO2 surface is a second-order reaction and satisfies the
criteria required by the Langmuir model. The adsorbed amount of imazapyr is found to be high at pH 3
and to decrease with increasing pH. The kinetics of the photocatalytic degradation of imazapyr were
analysed taking into account the effect of the pH as well as of the catalyst mass concentration. However,
special attention was focussed on the influence of the reactant concentration on the reaction rate. The
Langmuir–Hinshelwood model fitting revealed that the apparent adsorption constant obtained under irradiation is significantly larger than the adsorption constant obtained in the dark. The initial reaction rates of
the photocatalytic imazapyr degradation were larger than the initial adsorption rates of the probe molecule
on the TiO2 surface. It is therefore concluded that the photocatalytic imazapyr degradation does not follow
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necessarily a Langmuir–Hinshelwood mechanism despite the fact that a rate law having the mathematical
form of the Langmuir–Hinshelwood rate law was successfully used to describe the observed dependence
of the initial reaction rates on the initial concentrations. A Langmuir–Hinshelwood mechanism for the
photocatalytic imazapyr degradation is compatible only with the additional assumption that the rate constant of adsorption increases by irradiation with UV light.

Introduction
TiO2 photocatalysts in their different forms and polymorphs
have attracted considerable attention in the past decades because they are highly photo-reactive, cheap, non-toxic, chemically and biologically inert, and photo-stable. These properties
allow possible applications for the purification of polluted water and air, the development of self-cleaning super-hydrophilic surfaces, and the conversion of energy.1–3 In the past
25 years great advances have been made turning TiO2 photocatalysis into an interesting issue not only for industrial appli-
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cations but also for fundamental research. However, there are
still several issues, approaches, and mechanisms in the field
of photocatalysis that remain unclear.
The photocatalytic reaction is assumed to occur on the
surface of the photocatalyst, and therefore a large adsorption capacity is expected to favour the reaction kinetics.4
Both the organic compound being degraded and the TiO2
surface affect the adsorption process and the photocatalytic
reaction. Furthermore, it was reported that a pre-adsorption
of reactants onto the TiO2 surface in the dark preceding the
photocatalytic reaction results in a more efficient interfacial
electron transfer process.5,6 Bahnemann et al. have used laser flash photolysis experiments to investigate the kinetics
of the interfacial electron transfer between an excited semiconductor and electron donor and/or acceptor molecules
present in the surrounding aqueous phase. These authors
found that the adsorption of the probe compounds
dichloroacetate and thiocyanate on the TiO2 surface prior to
the band gap excitation was a prerequisite for efficient hole
scavenging.7
Friedmann et al. have discussed the parameters affecting
the kinetics and mechanisms of the photocatalytic process.
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These parameters can be subdivided into those that are intrinsic to the photocatalytic material and those that are extrinsic being influenced by the surrounding environment and
conditions (e.g., pH, ionic strength, and the nature of the solvent). All these parameters mentioned before affect the adsorption rate and type, as well as the photocatalytic reaction
rate. However, the specific mode of action of a given parameter on the photocatalytic performance of a TiO2 sample is difficult to characterize since many of the before mentioned parameters are coupled.4
The assessment of the reaction kinetics is fundamental to
evaluate and compare the performance of the catalyst. Furthermore, kinetic analysis can also be employed to prove the
validity of a proposed mechanism.8,9 The interpretation of
the results of the kinetics studies of TiO2 photocatalytic systems for water treatment and the elucidation of the underlying mechanisms have relied largely on the Langmuir–Hinshelwood (classical or modified) rate laws. Details of this
kinetics with its underlying adsorption model (Langmuir–
Hinshelwood mechanism) have been critically discussed in
several publications.1,10–18
It seems that most authors suppose that a heterogeneous
photocatalytic reaction is a bimolecular reaction between two
species present on the surface of the photocatalyst. The substrate to be oxidized, of course, is one of the surface-bound
species while either a valence band hole or an OH radical on
the surface of the semiconductor is the second species. For a
batch system the rate law is then to be written as
(1)
with Ct, t, V, , nox and nos being the concentration of the
probe molecule dissolved in the aqueous phase, the irradiation time, the volume of the suspension, the reaction rate
constant (in mol−1 s−1), the total amount of the oxidizing species in the whole reaction volume, and the total amount of
adsorbed probe molecules (both in mol), respectively. Using
a pseudo-steady state approach,11,12 this rate law can be written as
(2)
with the parameter
(3)
and the maximum reaction rate kr, the rate constant of adsorption ka, and the rate constant of desorption kd (see chapter SI-1 in the ESI†).
Eqn (2) with eqn (3) corresponds to the rate law as derived
for a thermal catalytic reaction which proceeds according to
the “Langmuir–Hinshelwood single-site mechanism”.19 At
this point, it should be noted that in 1926 Hinshelwood, and
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later Schwab, interpreted this rate late in its mathematically
equivalent form

(derived for catalytic reactions of

gases on surfaces) on the basis of the Langmuir adsorption
isotherm.20–24 In 1931, Schwab also pointed out that this rate
law is also suitable to analyse the kinetics of catalytic reactions of organic compounds in colloidal solutions of
metals.24 In 1939, Gopala Rao expressly referred to the Langmuir adsorption isotherm to explain the experimentally observed photocatalytic oxidation kinetics of ammonia in irradiated TiO2 suspension.25
It is usually assumed that the photocatalytic process is a
two-step process comprising a fast adsorption/desorption equilibrium and subsequently a slow surface step, i.e.,
.
Consequently, the kinetic parameter KLH becomes equal to the
Langmuir adsorption constant KL = ka/kd, which is determined
from the adsorption isotherms. However, eqn (3) shows that
the parameter KLH is less than or equal to KL. Accordingly, only
a few authors have reported experimental KLH values being
larger than the corresponding KL values.26–35
It is understood that the derived equation assumes that
the adsorption rate of the probe molecules is always larger
than the reaction rate, i.e., the reaction is not inhibited by
mass transfer.
Papers reporting about the correlation between the photocatalytic degradation rate of an organic substrate and both its
adsorption isotherms and adsorption kinetics are rare.31,36–39
Therefore, we have carried out respective investigations with
imazapyr [2-(4-isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl) nicotinic acid] as the probe molecule. Imazapyr is a non-selective
herbicide used for the control of weeds.40 Many researchers
have investigated the photocatalytic degradation of imazapyr
covering the influence of several operating parameters using
commercial TiO2 powders, mainly P25. The effect of the pH
of the suspension, the temperature, the addition of electron
acceptors such as potassium persulfate and hydrogen peroxide, as well as the presence of heavy metals on the imazapyr
degradation kinetics have been studied.40–43
Recently Atitar et al. have investigated the adsorption of
imazapyr onto the TiO2 surface by means of ATR-FTIR
spectroscopy. The authors have concluded that the favoured
binding mode of imazapyr to the TiO2 surface is the bridging
mode via the carboxylic group. Besides of that, the authors
proposed that the bridging oxygen in the neighbourhood of
the adsorbed species serves as trap for a hole generated upon
the absorption of UV light.44 But it has been reported by Carrier et al. that also OH radicals play an important role in the
photocatalytic degradation of imazapyr. The authors have determined the primary position for OH radical (being besides
other properties an electrophilic species) attack on imazapyr
by means of electron density calculations, and reported that
this attack occurs preferably at the atoms with the largest
electron density. Furthermore, these authors have presented
a detailed degradation pathway of imazapyr.42
However, the importance of the adsorption for the overall
photocatalytic process is still doubtful. No uniform
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information concerning the optimum pH for the photocatalytic degradation of imazapyr using TiO2 could be extracted
from the literature. The highest degradation rates have been
reported to occur at pH 3,44 and at pH 3.8;42 other research
groups have reported a maximum value at pH 4,43 and at pH
4.3,41 respectively.
The aim of this work is to find a possible correlation between the photocatalytic degradation rate and the adsorption
behaviour of imazapyr at the TiO2 surface. Therefore, the kinetics of the photocatalytic oxidation of imazapyr as well as
the kinetics of the imazapyr adsorption in the dark have been
investigated at different pH values to reveal the role of the
adsorption of imazapyr onto the TiO2 surface in the photocatalytic degradation process.

Paper

Imazapyr (Pestanal, purity >99%) was purchased from
Sigma-Aldrich (Germany). All solvents used for HPLC (high
performance liquid chromatography) analysis were chromatography grade and were also obtained from Sigma-Aldrich
(Germany); all other chemicals were of analytical grade and
used without any further purification. The water used in all
experimental runs was deionized water (resistivity = 18.2 MΩ
cm) collected from a Sartorius Arium 611 deionizer.
The commercial photocatalyst used in this study was
Evonik Aeroxide P25 (mainly anatase with a rutile content of
ca. 20%, a primary particle size of around 21 nm, and a BET
surface area of 50 m2 g−1).

of these stock solutions were added to 10 mL TiO2 P25 suspensions of different TiO2 mass concentrations Cc prepared
in 0.01 mol L−1 KClO4. The suspensions were kept for 24
hours at constant temperature (21 ± 1 °C) in the dark under
agitation. The pH of the suspensions was adjusted at the beginning and in regular time intervals by the addition of KOH
or HNO3. Samples were taken in appropriate time intervals,
centrifuged for 5 minutes (4000 rpm) and filtered with a 0.45
μm cellulose nitrate membrane filter (Macherey und Nagel)
prior to HPLC analysis.
Analysis. Samples were analyzed by HPLC using an ECOM
spol. S.r.o. instrument fitted with a LCP 4100 pump, a LCD
2084 UV spectrophotometer, and a 50 μL injection loop. A
C-18 Inertsil ODS2 150 Å 5 μm 250 × 4.6 mm column was
used with a pre-column (10 × 4.0 mm Inertsil ODS2 100 Å 5
μm) in the cartridge holder. An isocratic acetonitrile/water
mixture (60/40 vol%) with phosphoric buffer (pH 3) was used
as the mobile phase. The flow rate was adjusted at 0.8 mL
min−1 and the detection wavelength at 254 nm. The calibration curves (R 2 ≥ 0.999) were prepared in the concentration
range from 10 to 50 μmol L−1. The detection limit for imazapyr was found to be 3 μmol L−1.
All experimental runs to investigate the adsorption kinetics, the adsorption isotherms, and the photodegradation kinetics were performed in 2–3 replicates. This allows values to
be obtained with an experimental error ≤10%. This error is
considered to be the sum of all random experimental errors
including the HPLC instrument error and the error intrinsic
to mathematical calculations from the experimental concentration vs. time plots.

Methods

Results

Photocatalytic degradation. For the photocatalytic degradation studies 100 mL of aqueous imazapyr solutions
containing varying initial concentrations of the probe molecule (20 ≤ C0 ≤ 200 μmol L−1) and 0.01 mol L−1 KClO4 were
irradiated in the presence of the desired amounts of TiO2 after adjusting the initial pH by the addition of KOH or HNO3.
Prior to the irradiation, the suspensions were shaken in the
dark for at least 3 hours to achieve the adsorption equilibrium of the organic solute on the TiO2 surface resulting in
equilibrium imazapyr concentrations Ce,0 < C0.
All photocatalytic degradation experiments were
performed using a Pyrex-Glass® cylindrical reactor irradiated
from the top with an assembly of six UV-A lamps (Philips
Cleo 15 W; emission, 300 < λ < 400 nm; λmax = 365 nm) under continuous stirring. A scheme of the experimental set-up
is shown in chapter SI-2 in the ESI.† For the kinetic studies,
samples were taken at regular time intervals and were analyzed after filtration by high performance liquid chromatography (HPLC). The temperature (21 ± 1 °C) remained constant
during the experimental runs.
Adsorption isotherms and kinetics. Adsorption experiments were performed employing stock solutions of imazapyr
in deionized water with the desired concentration of the
probe molecule (100 ≤ C0 ≤ 2000 μmol L−1). Known amounts

Photocatalytic degradation of imazapyr. The photocatalytic
degradation of imazapyr has been studied in a series of experimental runs at constant reaction volume, temperature,
light intensity, and photocatalyst mass concentration, but
varying the pH and the concentration of the probe molecule
imazapyr in the suspension (20 ≤ C0 ≤ 200 μmol L−1). The
mass concentration of the TiO2 photocatalyst in these experimental runs was Cc = 2.5 g L−1 because this concentration
was found in preceding investigations to be the optimum catalyst mass concentration for the photocatalytic imazapyr degradation (see chapter SI-3 in the ESI†).
Fig. 1 shows a typical experimental dataset of the photocatalytic decomposition of imazapyr. The data points of all
experimental runs were well fitted using an exponential decay
model. Thus, the reaction rate rr of the photocatalytic oxidation of imazapyr can obviously be described by a first order
rate law,

Experimental section
Materials

This journal is © The Royal Society of Chemistry 2018

(4)

where kobs is the observed first-order rate constant, t is the irradiation time, and Ct is the actual concentration of the
probe molecule in the aqueous suspension at time t. For each
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reaction rates rr,0 which were calculated employing rr,0 =
kobsCe,0 increased (cf. Table S1 in the ESI†).
The influence of the initial concentration of the solute on
the actual photocatalytic degradation rate of most organic
compounds is usually rationalized employing a Langmuir–
Hinshelwood type rate law
(6)
where the kinetic parameter kr is the maximum photocatalytic reaction rate, and KLH is the apparent adsorption constant of the probe molecule onto the TiO2 surface.10,45–47
Inserting the eqn (4) in 6 yields with Ct = Ce,0 at t = 0
(7)
which yields after rearrangement the linear equation
(8)
thus allowing the determination of the kinetic parameters kr
and KLH from the slopes and the intercepts of the respective
1/kobs vs. Ce,0 plots. Based on this equation, the values of kobs
were plotted vs. the different initial imazapyr concentration
Ce,0 (Fig. 2). The kinetic parameters kr and KLH at pH 3, pH 5,
and pH 7 obtained from these graphs are given in Table 1.
From a mathematical point of view the relation
holds when the condition KLHCt ≪ 1 is
fulfilled. With this boundary condition the Langmuir–
Hinshelwood type rate law (eqn (6)) can be approximated by
an apparent first-order rate law as it is given in eqn (4). With
the KLH-values given in Table 1 and the initial imazapyr concentrations employed in this study (Ce,0 > 15 μmol L−1) the
Fig. 1 Typical plots of the imazapyr concentration Ct vs. irradiation
time for the photocatalytic degradation at different pH values in the
presence of Aeroxide TiO2 P25. The lines have been calculated
assuming first-order kinetics. Experimental conditions: C0 = 110 and
50 μmol L−1, Cc = 2.5 g L−1, V = 100 mL.

experimental run, the rate constant was determined from the
plot of the natural logarithm of the pollutant concentration
as a function of irradiation time employing the equation

(5)

where Ce,0 is the equilibrium concentration of the probe molecule in the suspension at the start of the UV(A) irradiation
(t = 0). The rate constants were found to decrease with increasing initial imazapyr concentrations Ce,0 while the initial
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Fig. 2 Langmuir–Hinshelwood plot of the reciprocal first order rate
constant vs. the initial equilibrium imazapyr concentration.
Experimental conditions: 20 ≤ C0 ≤ 200 μmol L−1, TiO2 P25, Cc = 2.5 g
L−1, V = 100 mL.
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−1

−1

kr/μmol L min
KLH/10−3 L μmol−1
R2

3

5

7

2.97
56.5
0.987

2.95
38.3
0.982

1.24
129
0.971

Experimental conditions: 20 ≤ C0 ≤ 200 μmol L−1, TiO2 P25, Cc = 2.5
g L−1, V = 100 mL.

product KLHCt is calculated to be always larger than 0.55 at t
= 0. The imazapyr concentration must therefore become considerably smaller until the condition for first-order kinetics is
fulfilled. The first-order kinetics observed here (Fig. 1) thus
obviously do not correspond to the assumption of the limiting case of the Langmuir–Hinshelwood kinetics.
Adsorption isotherms. Adsorption isotherms have been
measured at constant TiO2 catalyst mass concentration and
constant suspension volume. However, the pH of the suspensions (pH 3, 5, and 7) and the initial concentration of imazapyr (100 ≤ C0 ≤ 2000 μmol L−1) has been varied. The data are
presented by the equilibrium isotherm value, which basically
indicate the amount of substrate adsorbed (adsorbate) by a
known mass of the adsorbent, i.e., TiO2 P25, in the equilibrium. The adsorbed amount of imazapyr in the equilibrium
was calculated employing
(9)
where C0 is the initial concentration, Ce is the equilibrium
concentration of the adsorbate in the suspension, m is the
catalyst mass, and V is the volume of the suspension. The parameters C0, m, and V are known quantities while Ce is determined by HPLC analysis after 24 hours shaking in the dark.
Fig. 3 shows the amount of imazapyr adsorbed at the TiO2
surface plotted versus the concentration of the probe molecule in the aqueous phase after the adsorption equilibrium
has been established. Langmuir–Hinshelwood kinetics which
has been employed above to describe the time course of the
imazapyr concentration during photocatalytic degradation experiments are based on the assumption that the absorption
of the probe molecule can be described by the Langmuir adsorption isotherm
(10)
qm is the maximum monolayer capacity of adsorbent (μmol
g−1) and can also be interpreted as the total number of binding
sites that are available for sorption. KL is the Langmuir adsorption constant (L μmol−1). Rearrangement of eqn (10) yields
(11)
thus allowing the determination of the parameters qm and KL
from the slopes and the intercepts of the respective 1/qe vs.

This journal is © The Royal Society of Chemistry 2018

Fig. 3 Adsorption isotherms of imazapyr onto Aeroxide TiO2 P25 at
different pH values. The lines have been calculated employing eqn (10)
and the data given in Table 2. Experimental conditions: 100 ≤ C0 ≤
2000 μmol L−1, TiO2 P25, Cc = 5.0 g L−1, V = 100 mL.

1/Ce (Fig. 4). The thus calculated values are tabulated in
Table 2.
The analysis of the experimental data employing the
Freundlich model of adsorption resulted also in good fitting
of the experimental data (0.915 ≤ R 2 ≤ 0.996, see chapter SI5†). However, the Langmuir model was slightly better than
the Freundlich model.
The Langmuir isotherm model was found suitable to describe the imazapyr adsorption equilibrium (0.987 ≤ R 2 ≤
0.997). The maximum monolayer capacity of adsorbent qm increased with increasing the pH value from pH 3 to pH 5, and
decreased again at pH 7. The Langmuir adsorption constant
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Fig. 4 Langmuir plot of the reciprocal equilibrium loading vs. the
reciprocal
equilibrium
imazapyr
concentration.
Experimental
conditions: 100 ≤ C0 ≤ 2000 μmol L−1, TiO2 P25, Cc = 5.0 g L−1, V =
100 mL.

reasonable agreement with the values calculated from the geometry of an imazapyr molecule.
Adsorption kinetics. The kinetics of imazapyr adsorption
onto Evonik Aeroxide TiO2 P25 were studied at three different
pH values. The respective concentration vs. time plots are
presented in Fig. 5. The data given in this Fig. 5 clearly show
that the adsorption of imazapyr reaches the equilibrium concentration in the liquid phase after about 120 min. The equilibrium seems to be established within 3 hours at all pH
values investigated in this study. The highest adsorbed
amount of imazapyr is obtained at pH 3, while this amount
decreases with the increase of the pH from pH 3 to pH 7.
The obtained experimental data have been analysed using
a pseudo-second order kinetic model. The pseudo second order equation based on adsorption equilibrium capacity is
expressed by

(12)
Table 2 Parameters for the Langmuir adsorption of imazapyr onto TiO2
at different pH values, and the ration between KLH and KL

pH
−1

qm/μmol g
KL/10−3 L μmol−1
R2
KLH/KL

3

5

7

30.8
4.52
0.997
12.5

40.0
2.23
0.987
17.1

22.8
1.46
0.993
88.4

is the pseudo-second-order rate constant (g μmol−1
where
−1 49–51
min ).
Integration with the initial condition qt = 0 at t =
0 results in

(13)

Experimental conditions: 100 ≤ C0 ≤ 2000 μmol L−1, TiO2 P25, Cc = 5
g L−1, V = 100 mL.

KL is a measure for the affinity between adsorbate and adsorbent with its reciprocal value yielding the concentration at
which half of the maximum adsorption capacity of the adsorbent is reached.48 The constant KL decreased with increasing
the pH from 3 to 7, indicating that the adsorption density
was higher at a lower pH.
It becomes obvious that the values for KLH which have
been calculated from the concentration vs. time plots of the
photocatalytic degradation experiments (Table 1) are larger
by a factor 10−100 than the values for the adsorption constant KL at all pH values studied here (Table 2).
With the values for the maximum capacity of the adsorbent, qm, given in Table 2 and the known surface area of the
photocatalyst (50 m2 g−1), the amount of adsorbed molecules
per unit area is calculated as 0.616 μmol m−2 (0.37 molecule
per nm2), 0.800 μmol m−2 (0.48 molecule per nm2) and 0.456
μmol m−2 (0.27 molecule per nm2) at pH 3, pH 5 and pH 7,
respectively. With the surface area and the density of the
photocatalyst (ρ = 3.8 × 106 g m−3 for anatase), a radius of
15.8 nm is calculated for a single photocatalyst particle. Consequently, a single photocatalyst particle with a surface area
of approximately 3100 nm2 will be fully covered by 1162,
1509 and 860 imazapyr molecules at pH 3, pH 5 and pH 7, respectively. One imazapyr molecule on the surface thus demands an area between 2.1 and 3.2 nm2. These values are in
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The plots of the fitted experimental data are presented in
Fig. 6. The calculated values of qe and as well as the correlation coefficients are summarized in Table 3. Based on the
obtained correlation coefficient values, it is concluded that
the pseudo-second order model describes well the adsorption
kinetics of imazapyr onto TiO2. The Lagergreen pseudo-first
order model50,52,53 was also used for the analysis of the experimental data (see chapter SI-6†), but the best accordance

Fig. 5 Plot of imazapyr concentration vs. time during the adsorption
onto TiO2 P25 at different pH values. Experimental conditions: C0 =
126.5 μmol L−1, Cc = 5 g L−1, V = 20 mL.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Plot of the amount of adsorbed species (qt) vs. contact time at
different pH value fitted to the pseudo-second order rate law given in
eqn (13). Experimental conditions: C0 = 126.5 μmol L−1, TiO2 P25, Cc =
5 g L−1, V = 20 mL.

Table 3 Fitting parameters of the adsorption kinetics obtained at different pH values

pH

3

qe/μmol g−1

6.52
5.82

R2

0.997

5
5.41
4.42
0.993

7
2.41
15.6
0.998

−1

Experimental conditions: C0 = 126.5 μmol L , TiO2 P25, Cc = 5 g L−1,
V = 20 mL.

between the experimental and the calculated values was
obtained with the pseudo-second-order kinetic model.

Discussion
It has been assumed that the dark adsorption as well as the
structure of the adsorbate play an important role for the
photocatalytic degradation of imazapyr.42,44 The favoured
mode of adsorption as a bridged surface complex44 followed
by the direct hole oxidation of the carboxyl moiety by means
of the photo-Kolbe reaction is one of the degradation pathways where adsorption is assumed to play an important
role.42,44 However, the latter is not the main pathway in the
overall photocatalytic process. Carrier et al. have reported
that OH radicals can attack the atoms directly at the position
of the largest electron density in the imazapyr molecule.42
These species (i.e., OH radicals) can be generated through
the oxidative pathway by the reaction of valence band holes
with H2O/OH− being present at the photocatalyst surface,
and/or through the reductive pathway by the reaction of conduction band electrons with adsorbed molecular oxygen. The
latter is usually neglected in the photocatalytic degradation
of organic pollutants and is considered to play an important
role in case of imazapyr photodegradation.

This journal is © The Royal Society of Chemistry 2018

In this work, the reaction rates, the adsorption rates and
the adsorption isotherms were determined at three different
pH values with the aim of obtaining further insights into
the mechanism underlying the photocatalytic degradation of
imazapyr. The inorganic ions H+, K+, NO3−, and ClO4− have
been added to the aqueous TiO2 suspensions to establish
the desired pH value and to keep constant the ionic
strength. It is known that inorganic ions might interact
with the photocatalyst surface, thus, affecting the adsorption
and the photocatalytic degradation of organic probe
molecules.54–58 It is, therefore, understood that the quantitative results presented here may be particularly dependent on
the kind and concentration of the added anions. However, it
has been reported that NO3− and ClO4− interact only weakly
with the TiO2 surface and have only little effect on the rate of
the photocatalytic degradation.55–58 In the following discussion, it is therefore assumed that the abovementioned ions
do not significantly influence the kinetics of the photocatalytic degradation nor the adsorption kinetics and the adsorption equilibrium.
The photodegradation kinetics of imazapyr in TiO2
suspensions have been modeled employing a Langmuir–
Hinshelwood type rate law (eqn (2)) which is a manifestation
of the general case of saturation-type kinetics. The plots of
the reciprocal rate constants vs. the reciprocal initial equilibrium concentrations Ce,0 are shown in Fig. 2. The linear relationships indicate that the degradation kinetics under UV
irradiation can be described by a Langmuir–Hinshelwood
type rate law. The fitting parameters kr and KLH derived from
this Fig. 2 are summarized in Table 1.
The analysis of the adsorption data obtained in the
dark, using the Langmuir adsorption isotherms, shows a
good accordance between the experimental and the calculated
data. This implies that the TiO2 and the imazapyr are
strongly interacting. It is worth to note that the Langmuir
model assumes the adsorption energy to be uniform over the
whole surface and that there is no interaction between the
adsorbed species. Furthermore, only chemical interactions
are considered. Thus only monolayers of the adsorbate can
be formed on the surface of the adsorbent. The results of the
adsorption experiments indicate that the maximum monolayer capacity of the adsorbent qm is 30 μmol g−1 at pH 3,
and increases to reach 40 μmol g−1 at pH 5. Moreover, it decreases to 23 μmol g−1 at pH 7.
With the data given in Table 2 and assuming an initial
equilibrium imazapyr concentration of 100 μmol L−1 in the
liquid phase it is calculated that the amount of imazapyr
adsorbed at the TiO2 surface in the dark is decreasing from
9.6 μmol g−1 at pH 3 to 2.9 μmol g−1 at pH 7. If the amount
of the organic molecules (imazapyr) adsorbed on the surface
of the photocatalyst is decisive for the rate of the photocatalytic degradation, it is expected that the photocatalytic degradation rate as well as the rate of imazapyr adsorption follows the same trend: at pH 3, the rates should therefore be
the highest and the rates should decrease with increasing
pH. In fact, this decrease of the rates with increasing pH
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was observed for both, the photocatalytic degradation and
the adsorption, in the experimental runs performed here
(Table S1 and Fig. S2†).
Taking into account that the probe molecule imazapyr exhibits five distinct species with three pKa values (1.88, 3.60
and 10.80) (cf. Scheme 1) and TiO2 has a pH dependent surface charge, any interaction between the probe molecule and
the photocatalyst surface can be explained assuming attractive and repulsive forces between these species. In the range
between pH 2 and pH 4 the neutral imazapyr molecule is
interacting with the positively charged TiO2 surface possibly
via the COOH group by dissociative adsorption. Moderate
acidic conditions between pH 4 and pH 6 lead to a strong
electrostatic interaction between the positively charged TiO2
surface and the organic solutes that mainly exist in their
deprotonated negatively charged form (cf. Scheme 1). However, at a pH > pHzpc = 6.9 (TiO2 P25)59 both imazapyr as well
as the TiO2 surface are negatively charged resulting in a substantial repulsion between these species retarding adsorption
which in turn will significantly negatively affect the photocatalytic degradation. Carrier et al. as well as Osajima et al.
have concluded that the dependence of the degradation rate
on the pH of the suspension is due to these interactions between imazapyr species and the TiO2 surface.40,42 Additionally, the interaction is found to be more favourable between
the deprotonated imazapyr molecule IV in Scheme 1 and the
protonated TiO2 surface as TiOH2+.40,44
Thus, the pH dependence of the determined rates for the
adsorption and the photocatalytic degradation on the basis
of electrostatic interactions between imazapyr and the TiO2
surface can be explained. This explanation does not contradict the assumption that the probe molecule is photocatalytically degraded by a Langmuir–Hinshelwood mechanism. However, this mechanism presupposes that the rate
of the photocatalytic reaction rate is smaller than or equal
to the rate of imazapyr adsorption (rr ≤ ra, cf. eqn (2) in
combination with eqn (3)). But the adsorption equilibria in
the dark were only established after more than two hours
(Fig. 5).
To perform the comparison between these rates, the initial
reaction rates, rr,0, of the imazapyr degradation have been
calculated considering the concentration of the photocatalyst
in the aqueous suspension (Table S4†). The initial adsorption
rates of imazapyr, ra,0, have been calculated using the
pseudo-second order equation (eqn (12)) with the initial con-
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dition qt = 0 at t = 0. The amount of the adsorbed substrate
qe in the initial equilibrium was calculated employing eqn
(10) and the parameters of the Langmuir isotherm (Table 2):
(14)
The calculation of the initial adsorption rates has been
performed for different initial imazapyr concentrations
(chapter SI-8†) to reveal the correlation to the initial degradation rate, as well as the effect of the initial concentration of
imazapyr. However, the comparison of the initial imazapyr
degradation rates with the initial imazapyr dark adsorption
rates at different pH values (Fig. 7) shows that the initial
photocatalytic reactions are always faster than the dark adsorption. In other words, the initial photocatalytic degradation rate of imazapyr was found to be 2–3 times larger than
its initial adsorption rate obtained in the dark.
If one does not want to abandon the idea that the photocatalytic degradation reaction occurs according to an Langmuir–Hinshelwood mechanism, one must demand that the
rate constant of the adsorption under irradiation with UV
light is drastically increasing. This would inevitably also result in a value for KLH determined experimentally under exposure to UV light being greater than the value of KL determined from adsorption isotherms in the dark.
In fact, it was found here that the kinetic parameters KLH
are significantly greater than the adsorption constants KL for
all investigated pH values (KLH/KL ≥ 12.5, cf. Table 2). A ratio
KLH/KL > 1 (i.e., KLH > KL) has also been observed for other
probe molecules such as salicylic acid and other substituted
benzoic acids,26,31 phenol,27 4-chlorophenol,28,33,34 di- and trisubstituted phenols,32,34,35 acetophenone,30 and eosin.29
Matthews has explained the observation of KLH > KL
suggesting that reactions between freely diffusing OH radicals and the organic substrate occur in the suspension in
addition to the surface reaction.27 Some authors have
suggested this discrepancy to be due to photoadsorption
followed by a fast photoreaction of the probe molecule on
the TiO2 surface.26,29 Other authors have attributed this observation to a redistribution of the electrons under irradiation possibly altering the adsorption sites and thus the
substrate-surface interaction.30,35 Ollis has assumed that
sites associated with the photocatalytic reaction are different
to those where dark adsorption occurs. Possibly, the reactive

Scheme 1 Different forms of the herbicide imazapyr and the associated acid–base dissociation constants. Reprinted with permission from M.
Faycal Atitar, Ralf Dillert, and Detlef W. Bahnemann. Surface interactions between imazapyr and the TiO2 surface: an in situ ATR-FTIR study. Journal of Physical Chemistry C, 121, 4293–4303. Copyright (2017) American Chemical Society.
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catalyst surface which have a significant effect on the adsorption of the probe molecule.
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Conclusion

Fig. 7 Initial photocatalytic degradation rate vs. initial dark adsorption
rate of imazapyr at different pH values.

adsorption sites are only produced under irradiation.12 The
possibility that these new adsorption sites are formed by
deaggregation of titanium dioxide clusters which are known
to be present in aqueous suspensions should not be excluded. Deaggregation is decreasing the cluster size and increasing the available surface area of the photocatalyst,60,61
and possibly yields new high-energy surfaces. It has been
shown for very small particles that the dark adsorption constant depends on the particle diameter.62–64 This has been
rationalized with a driving force to decrease the total free
energy by adsorption of molecules from the surrounding environment.62 The experimental results presented here can
only be reconciled with a Langmuir–Hinshelwood mechanism by assuming light-induced changes of the photo-

This journal is © The Royal Society of Chemistry 2018

The adsorption kinetics and the adsorption–desorption equilibrium of imazapyr in TiO2 aqueous suspensions have been
studied in the dark. Adsorption equilibria were only
established after more than two hours in the dark. The dark
adsorption of imazapyr has been successfully described by a
Langmuir adsorption isotherm; the maximum coverage of
the surface was found to be pH-dependent. The kinetics of
the adsorption in the dark was described employing a
pseudo-second order rate law.
The rate of the photocatalytic degradation of imazapyr in
the presence of TiO2 was also found to be pH-dependent. The
observed decrease of the imazapyr concentration during irradiation could be described by a first-order kinetics. The dependence of the initial reaction rate on the initial equilibrium concentration of the probe molecule in the aqueous
phase could be described by a Langmuir–Hinshelwood type
rate law. However, the Langmuir adsorption constants determined from the adsorption isotherms of imazapyr in the
presence of TiO2 in the dark were smaller than the adsorption constant determined from the analysis of the Langmuir–
Hinshelwood type kinetics of the photocatalytic degradation
of the probe molecule. Under the experimental conditions of
this study the rate of the photocatalytic reactions were found
to be always higher than the rate of the adsorption of imazapyr in the dark. In other words, the overall rate of the photocatalytic oxidation of imazapyr is not determined by the dark
adsorption of the probe molecule onto the TiO2 surface.
Consequently, it can be concluded that imazapyr degradation does not follow necessarily a Langmuir–Hinshelwood
mechanism despite the fact that a rate law having the mathematical form of the Langmuir–Hinshelwood rate law can be
used successfully to describe the observed dependence of the
initial reaction rate on the initial concentration. A Langmuir–
Hinshelwood mechanism for the photocatalytic imazapyr
degradation is compatible only with the additional assumption that the adsorption–desorption kinetics are also affected
by irradiation with UV light, and in particular that the adsorption rate increases significantly.
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