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A B S T R A C T

The direct photodegradation of 2,4,6-trichlorophenol (TCP) by UV–vis light was studied in aqueous
solution in order to analyze the mechanism of the photochemical process and to determine the kinetic
parameters including the quantum yield. Based on initial rate studies at different overall volumes and
illumination patterns, it was proved that the rate of the process is directly proportional to the intensity of
irradiating light. A signiﬁcant, but moderate acceleration of the reaction rate with increasing temperature
was revealed between 5.0 and 35.0  C, which could be interpreted readily by assuming that the excited
state of TCP is involved in two competing processes. High pressure liquid chromatography and mass
spectrometry provided us information on the nature of the intermediates and the products formed. 2,6Dichloro-1,4-benzoquinone, 3,5-dichloro-2-hydroxy-1,4-benzoquinone and 2,6-dihclorohydroxyquinone were detected as products and/or intermediates, and there were also hints of the formation of
3,5-dichlorobenzene-1,2-diol and 3,5-dichloro-1,2-benzoquinone. A possible degradation mechanism is
proposed to interpret the kinetic ﬁndings.
ã 2016 Elsevier B.V. All rights reserved.

1. Introduction
Chlorophenols are common and persistent environmental
pollutants produced in a number of industrial processes. They
are not decomposed by usual waste water treatment techniques,
and the development of suitable degradation methods has
attracted the attention of a large and diverse research community
[1–22]. The use a speciﬁcally designed iron complexes for the
activation of hydrogen peroxide seems to be a particularly
successful strategy [2,7,11]. In these cases, no dioxins are produced
among the oxidation products [7], which is a major concern with
other waste treatment methods, for example the direct incineration of solid chlorophenols. The use of ozone [5,6], Fenton’s reagent
[5], peroxidase enzyme [13], electrooxidation [21], or even simple
absorption processes [22] are also possible alternatives in the
abatement of chlorophenol-containing waste.
Illumination with UV or visible light can also assist such
processes. This is typically done using heterogeneous photocatalysts such as TiO2 [1,15,19], spinels [18,20] and g-C3N4 [17].
Because of the limited light absorption of chlorophenols (which all
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form colorless solutions), their direct photolysis was a lot less
intensely investigated [3–5]. The iodine-sensitized photooxidation
was also considered as a possible alternative [14]. An interesting
and unintuitive observation was also made during a kinetic study
of the chemical oxidation of chlorophenols: the rate of reaction is
inﬂuenced by light, even if it is in the visible range [8]. The reason
for this phenomenon was understood to be the photochemical
transformations of quinones, which form as intermediates in
chlorophenol oxidation [8,23,24]. Therefore, an adequate kinetic
and mechanistic study of the chemical oxidation of chlorophenols
must be done in the dark in order to separate the thermal and
photolytic components of the process [9,11,12].
The accelerating effect of light on chlorophenol oxidation also
implies that their photochemical properties must be thoroughly
investigated together with the known intermediates of the
process. Recently, experimental techniques were developed for
the online monitoring of photochemical processes using diode
array spectrophotometers alone or with external light sources
[9,25–29]. These techniques use online monitoring and can yield
kinetic data on photoreactions that have very high time resolution
and thus be evaluated by up-to-date kinetic analysis methods.
They facilitated detailed studies on direct photolytic processes
[23,29] and photochemically initiated chain reactions [25]. The
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experience gained in a number of different studies was summarized in a review article a few years ago [26].
In this paper, we report a detailed kinetic study on the
photochemical reaction of 2,4,6-trichlorophenol, which has the
widest industrial applications and is the most important among
the chlorophenols [7,11,14]. A new, custom-built photoreactor was
used to carry out this quantitative study, which improves the
applicability of online monitoring of photochemical reactions
compared to the earlier instruments used for this purpose [26].
2. Experimental section
2.1. Materials
Solid 2,4,6-trichlorophenol (TCP) was purchased from SigmaAldrich and used as received. The concentration of TCP in our
experiments was typically around 2.0  104 M. All the experiments were carried out in 0.010 M phosphate and borax buffers at
25.0  C (except some experiments to study the dependence on
temperature). The buffer stock solutions were prepared using
sodium phosphate dihydrate (Reanal) and titrated to pH 7.04 with
NaOH purchased from VWR, and using disodium tetraborate
(Reanal) at pH 9.2. All stock solutions and samples were prepared
with double deionized, ultraﬁltered and distilled water from a
Millipore Q system.
2.2. Instruments and software
The excitation light source (AvaLight-LDXE), the detecting light
source (AvaLight DHc), the detector (Avaspec-ULS2048L-TEC-RS)
and all other optical cables of the photoreactor used in this study
were purchased from Avantes, Netherlands. The light source
(excitation lamp) has a maximum brightness of 385 mW optical
output in the 170–1100 nm range (Fig. S1 in the Supplementary
information). A FOS-1-Inline ﬁber optic switch was used, which
allowed us to switch on and off the focused polychromatic light
beam that provided the driving source of the photoreaction.
Moreover, the halogen and deuterium lamps of the detecting light
source can be independently switched on and off. The sample
holder used was equipped with a temperature controller Peltier
unit conﬁgured for absorbance measurement. The cell holder was
modiﬁed with vertically movable detection ports to avoid
scattered or ﬂuorescent light entering the detector. The spectrophotometer (detector) used was AvaSpec-ULS2048L-TEC-RS,
which is an internally cooled CCD detector with variable slit size.
Standard four–sided quartz cuvettes (optical path length:
1.000 cm) were used in all experiments. The solution in the
cuvette was stirred using a 4 mm  2 mm  2 mm Teﬂon-coated
stirring rod with the built-in magnetic stirrer of the sample holder
to keep the solutions homogeneous at all times. The detailed
description and performance characterization of this novel
photoreactor was published in a recent technical note [30].
Ferrioxalate actinometry was performed following a published
method [28]. A ﬂow of nitrogen gas was circulated through the cell
holder to avoid the condensation of water in the walls of the cell
during the temperature dependence study. In these experiments,
the cuvette was kept in the sample holder during 10 min before
starting the experiments to ensure that the solution temperature
was homogeneous. Kinetic traces were ﬁtted and other least
squares analyses were carried out by the software Scientist [31].
Particularly, initial rates of absorbance change (v0 values) were
determined by using a polynomial probe function to ﬁt the
experimental kinetic trace. The coefﬁcient of the ﬁrst order term of
the polynomial gives the initial rate in this process. Further details
of this method can be found in the literature of chemical kinetics
[32].

TCP and its degradation products were separated and analyzed
by a Shimadzu LC-10AP HPLC system equipped with a Shimadzu
SPD-M10A diode array detector, a Luna C18 (2) (3 mm)
100  4.6 mm reverse phase column and using 7:3 (V/V) mixture
of methanol and water as the mobile phase. The ﬂow rate was set at
1.0 mL/min. The intermediates formed from TCP degradation were
identiﬁed by comparing their retention time and spectrum with
the external standards purchased from commercial sources. Under
the conditions described, the retention times of the external
standards were: TCP: 10.65 min, 2,6-dichloroquinone (DCQ):
2.75 min.
ESI–MS measurements were carried out with a Bruker micrOTOFQ mass spectrometer equipped with a quadrupole and time-ofﬂight (Q-TOF) analyzer in positive ion mode. The nebulizer
pressure was set to 6 psi (0.41 bar), N2 was used as drying gas at
4 L/min, the temperature was maintained at 160  C, and the applied
capillary voltage was 3.0 kV. The typical error of mass
measurement was below 0.005 in the m/z range from 80 to 600.
Spectra were accumulated and recorded by a digitizer at a rate of
2 GHz.
3. Results and discussion
3.1. Preliminary observations
In the pH range used in the present study (pH = 7.04–9.2), 2,4,6trichlorophenol has two UV bands centered at 254 and 312 nm that
are characteristic of the dissociated anionic form (pKa = 6.15) [9,12].
The initial observations conﬁrm that the photoreaction can be
driven even by a commercial diode array spectrophotometer, the
photochemical use of which is now well documented [26]. The
photodegradation of TCP was followed in a custom built photoreactor as descibred in the Experimental section. A cuvette
containing a solution of TCP was illuminated and the UV–vis
absorption spectrum was scanned repeatedly in the range of 230–
700 nm at pH 7.05 and 9.25 using phosphate and borax buffers at
30 s intervals. The photooxidation of TCP at these two pH values
had similar rates. An earlier research report found a large
difference between the TCP oxidation rates at pH 7.4 and 9.0
[13]. However, that must have been caused by the properties of the
peroxidase oxidant used in that study [13] as TCP itself undergoes
no major change in this pH region (its pKa is 6.15). Figs. S2 and S3
show experiments in the two different media and also conﬁrm an
important point: the kinetic observations do not depend on the
concentration of the buffer used in any signiﬁcant way, so the
buffers are most probably innocent in this case.

Fig. 1. Typical spectral changes in an irradiated aqueous solution of 2,4,6-TCP.
[TCP] = 0.2 mM; [phosphate buffer] = 0.010 M; path length 1.000 cm; V = 3.00 cm3;
T = 25.0  C; overall reaction time: 300 min).
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also detected. These two signals could probably be assigned to 2,6dichloro-hydroquinone (DCHQ) and 3,5-dichlorobenzene-1,2-diol.
Moreover, an interesting observation was the appearance of a new
peak at 1.62 min. This compound has a band centered at 260 nm,
which is identical with the observed band for the ﬁnal product
detected in the photoreactor and could indicate the presence of
3,5-dichloro-1,2-benzoquinone. More explanation about these
compounds will be given in later sections.

Typical time-resolved spectra measured during the photoreaction of TCP are shown in Fig. 1. Only spectra obtained by 30 min
intervals are plotted in the ﬁgure for clarity, but the time resolution
of the original data set is much higher. Literature results indicate
that these bands correspond to the formation of DCQ [14,16], which
is one of the products of the process. Its subsequent transformation
into a mixture of 2,6-dichloro-hydroquinone (DCHQ) and DCHB
[23,26] is a known photoreaction, but DCHB may in fact also form
as the immediate product of the photochemical oxidation of TCP.
The reactants and products could be monitored with considerable
selectivity because the absorption bands of 2,6-dichloroquinone
(DCQ, yellow) and 3,5-dichloro-2-hydroxybenzoquinone (DCHB,
purple) were reasonably separated from TCP (colorless, only UV
absorption). The oxidation involves the appearance of two bands
centered at ca. 260 and 480 nm after 300 min. A very slow
disappearance of the band at 480 nm was observed after 24 h. Fig. 2
shows the kinetic traces at 260, 312 and 480 nm in a ﬁve-hour
experiment. The trace at 260 nm clearly displays a small initial
decrease in the absorbance and the curve recorded at 480 nm also
hints at an induction period. Therefore, it can be concluded that
there is at least one primary and at least one secondary
photoproduct.
In addition to the literature data already mentioned
[14,16,23,26], other researchers reported the presence of some
different intermediates in the process of TCP photodegradation
[17]. Thus, in order to verify the nature of the compounds in the
reaction mixture, HPLC and mass spectrometry was applied to
obtain qualitative information on this system.

ESI–MS spectra were also used to identify the photodegradation
products of TCP. The ESI mass spectrum of TCP after 1 h irradiation
shows the presence of two signals, which can be identiﬁed based
on the peak m/z values and the characteristic isotopic patterns
(Fig. S6). The ﬁrst is centered at m/z 176.9 and could be assigned to
2,6-dichloro-hydroquinone (DCHQ) and probably also to
3,5-dichlorobenzene-1,2-diol, which has the same m/z value.
These two compounds might correspond to peaks 2 and 3 in the
chromatogram shown in Fig. 3. The peak at m/z = 194.9 is attributed
to and TCP. Other compounds were not observed in the mass
spectrum after 5 h (Fig. S7). It is possible that the ESI technique is
not able to ionize quinones such as DCQ, 3,5-dichloro-2-hydroxy1,4-benzoquinone (DCHB) or 3,5-dichloro-1,2-benzoquinone,
which have been identiﬁed previously in this reaction as products
[23]. Similar ionization problems have already been reported with
studies involving 2,4-dichlorophenoxybutanoic acid and 2,4,5trichlorophenoxyacetic acid [33,34].

3.2. HPLC experiments

3.4. Kinetic studies

The degradation products of TCP were monitored using HPLC
with UV–vis detection. The HPLC chromatograms and UV–vis
spectra of the solutions are shown in Fig. 3 (after 1 h of
illumination) and Fig. 4 (after 5 h of illumination). The ﬁnal
products from TCP degradation were identiﬁed primarily by
comparing the UV–vis spectra with those of pure compounds
(Figs. S4 and S5 in the Supplementary information). The Uv–vis
spectra of TCP [9,12,13], DCQ [9,12,13,23,24] and DCHB [23,24] are
all available from the literature.
After 1 h of irradiation, the chromatogram shows the appearance of two peaks with retention times 2.29 and 3.93 min together
with the TCP peak with retention time 9.86 min. After 5 h,
practically complete degradation of TCP was observed. An increase
in the peak at 2.29 min and a decrease in the peak at 3.92 min were

First, it is important to note that due to partial acid dissociation
of chlorophenols in aqueous solutions, the reaction schemes of the
TCP degradation need to account for the acid-base properties of
this molecule. The pKa of TCP is 6.15, and the Uv–vis spectra of the
protonated and dissociated forms are different. [12] So, in principle
the reaction pathways including the protonated (neutral) and
dissociated (anionic) forms may contribute to the overall reaction
rate. Since our aim was to use conditions that were close to the
possible applications in water treatment technologies (neutral pH),
we set pH = 7.04 with a phosphate buffer in the majority of the
experiments reported here. Under these conditions, about 88% of
TCP is in the dissociated (phenolate) form [6]. This form also
happens to display much more substantial absorption in the
wavelength range of illumination than the neutral TCP molecule.
Therefore, for all practical purposes, it was sufﬁcient to assume
that our observations provide information on the photoreactions of
the phenolate ion. In the rest of the paper, the common convention
of coordination chemistry will be used: the abbreviation TCP will
refer collectively to the two different protonated forms of 2,4,6trichlorophenol with the understanding that the pH-dependent
speciation must be kept in mind at each speciﬁed pH.
In Fig. 2, the kinetic trace at 312 nm reﬂects primarily the
concentration change of TCP. However, the contributions of other
species to the absorbance at this wavelength are non-negligible as
evidenced by the non-zero ﬁnal absorbance seen in Fig. 2. This
trace could be ﬁtted to a pseudo-ﬁrst order expression (exponential curve) with an acceptable precision and the observed rate
constant was determined to be k = (1.82  0.01)  102 min1. The
good ﬁt and the value are both in reasonable agreement with the
observations reported by Shen et al. at the same pH [3], especially if
the different illumination intensities are taken into account.
However, it should be noted that a true pseudo-ﬁrst order process
should give identical rate constants at all wavelengths of
monitoring [32]. Furthermore, a homogenous photochemical
process is actually never expected to have a simple ﬁrst order

Fig. 2. Absorbance changes as a function of time in an irradiated aqueous solution
of TCP at selected wavelengths. The wavelengths chosen are the maximum of DCQ
(black line, 260 nm), TCP (red line, 312 nm) and DCHB (green line, 480 nm).
Conditions are the same as in Fig. 1. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.).

3.3. ESI–MS experiments
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Fig. 3. HPLC chromatogram (left) and UV–vis spectra (right) for TCP degradation after 1 h under UV–vis light. Peak 1: 1.18 (injection peak); peak 2: 2.29 min, l = 285 nm; peak
3: 3.93 min, l = 287 nm; peak 4: 9.87 min, l = 287 and 293 nm. [TCP]0 = 0.20 mM, [phosphate buffer] = 0.010 M.

Fig. 4. HPLC–chromatogram (left) and UV–vis spectra (right) for the TCP degradation after 5 h under UV–vis light. Peak 1: 1.18 (injection peak); peak 2: 1.62 min, l = 260 nm
peak 3: 2.29 min, l = 285 nm; peak 4: 3.92 min, l = 287 nm; peak 5: 9.88 min, l = 287 and 293 nm. [TCP]0 = 0.20 mM, [phosphate buffer] = 0.010 M.

rate equation. Even the simplest photochemical transformation
has the following rate expression [23,27,32]:
Z
P

FP;l Fl 
eA;l ½A
d½A
P
¼
1  10eA;l l½A ei;l l½Bi 
dl
dt
V
eA;l ½A þ ei;l ½Bi 
ð1Þ
In this equation, A is the photoactive species, Bi are various nonphotoactive species that absorb light, FP,l is the spectral photon
ﬂux of the illumination, Fl is the differential quantum yield, V is
the volume of the reactor, l is the optical path length, whereas eA,l
and ei,l are the molar absorption coefﬁcients of the respective
species. The terminology used here follows the current recommendations of IUPAC [35]. Given the complexity of Eq. (1), it must
be concluded that the fact that the kinetic traces are very close to
pseudo-ﬁrst order at 310 nm is a consequence of coincidences
involving rate constants and absorption coefﬁcients, thus, the
information content of the determined observed rate constant is
very complex. To avoid these problems, only initial rates were used
in the rest of this study as a source of quantitative information
about the rate equation of the photodegradation.
In order to explore how the intensity of light affects the kinetics
of the reaction, we have carried out different experiments, in which
the reaction volume was changed at constant irradiating light ﬂux.
Through the volume change, the number of photons absorbed in
unit volume can be inﬂuenced and its controlled variation can be
used to study the dependence of the reaction rate on the
illumination intensity. This fact has been explained previously in
several recent publications from our group [23,25,26,29]. The
volume of the sample was changed from 1.0 to 3.5 cm3 in a

standard ﬂuorometric cuvette (path length: 1.000  1.000 cm), i.e.,
the light intensity per volume can be varied by a factor of 3.5. This is
substantially larger than the ranges in previous studies [23,25,29]
and is an advantageous aspect of the photoreactor used in this
study.
The initial rate of absorbance change (v0) for TCP degradation
was measured using the data obtained during the ﬁrst 30 min of
reaction at 312 nm and is shown as a function of the volume of the
sample in Fig. 5 [26]. The initial rate clearly decreases when the
sample volume increases, and the measured points ﬁt to a
hyperbola very well, implying an inverse proportionality between

Fig. 5. Dependence of the initial rates the sample volume at 312 nm in the
photodegradation of TCP. [TCP] = 0.20 mM; [phosphate buffer] = 0.010 M; T = 25.0  C.

J.A. Pino-Chamorro et al. / Journal of Photochemistry and Photobiology A: Chemistry 330 (2016) 71–78

the rate and the volume. A logarithmic version of this plot is shown
in the Supplementary information as Fig. S8, where the points
deﬁne a straight line with a slope of 0.98  0.01. As known from
previous literature [23,25,26], these observations prove that the
reaction rate is directly proportional to the intensity of illumination.
To gain more information about this process, experiments with
interrupted illumination were performed where the illumination
ratio is deﬁned as the time of illumination relative to the total time
of reaction. [25,26] The average reaction rate is expected to be
strictly proportional to the illumination ratio in a purely
photochemical reaction. The measurements in this series differed
in the duration of illumination (ti) and dark periods (td) by opening
and closing the shutter for controlled periods. In this way, the
duration of a full cycle, tc, is given as tc = ti + td. The cycles of
illuminated and dark periods are repeated. Therefore, time values ti
and td deﬁne an illumination pattern.
Kinetic traces recorded during the experiments using different
illumination patterns are shown in Fig. 6, where degradation of TCP
was followed by using continuous illumination (ti = 50 s, td = 0 s;
red trace) or a pattern with 10% illumination ratio (ti = 5 s, td = 45 s;
black trace). For the quantitative evaluation of the experimental
data, the average rate of absorbance change is used. In agreement
with our expectation, the average initial rate value decreases with
increasing the length the dark periods while keeping the cycle time
constant. In fact, the average initial rates of the two kinetic
experiments mentioned (red and black curves) differ by a factor of
10. Further experiments conﬁrmed the direct proportionality
between the illumination ratio and the reaction rate, as shown in
Fig. 7. This ﬁnding indicates that the studied process is a relatively
simple, direct photochemical transformation without a considerable parallel thermal pathways (dark reactions) or the involvement
of photoinitiated chain processes. Should these latter factors
contribute to the observations, more complex dependencies would
be expected in the plot shown in Fig. 7 [25,26]. Fig. 6 also shows
that the reaction is not driven by only visible light because the
absorbance change is marginal when a cut-off ﬁlter is inserted into
the excitation light beam, which eliminates light below 395 nm
(green trace). Moreover, it is notable that the absence of stirring
results in irreproducible, badly deﬁned traces as inhomogeneity
develops in the solution (blue trace in Fig. 6). This effect and the
need for stirring in this type of photoreactor were emphasized in
an earlier publication [23].
In order to analyze the photoreaction driven by polychromatic
light in a quantitative way, it is very important to measure the

Fig. 7. Dependence of the average initial rates on the illumination ratio for the
photodegradation of TCP. [TCP] = 0.20 mM; [phosphate buffer] = 0.010 M; path
length 1.000 cm; V = 2.00 cm3; T = 25.0  C.

relative intensity of the exciting light at each wavelength. For this
purpose, we used an Analytik Jena SPECORD S600 diode array
spectrophotometer. The relative energy spectrum of the excitation
lamp was recorded and converted to an absolute scale by routine
ferrioxalate actinometry [28]. The intensity spectrum of the
excitation light is given in Fig. S1 of the Supplementary
information. The total photon ﬂux of the illumination was
determined to be FP = 62 nmol/s.
The photon count (N) in a photochemical experiment was
deﬁned in one of earlier works as the part of the photon ﬂux
absorbed by the photoactive species [23]. In the present case, the
initial photon count is especially easily calculated from the
intensity spectrum of the excitation light and the measured
absorbance values of the studied solution because TCP, the
photoactive species, is the sole absorbing species in the initial
solution. A plot of reaction rates as a function of photon count is
suitable for determining the quantum yield in a series of
experiments where the initial concentration of the photoactive
species is varied [23]. Fig. 8 shows that this plot is linear for the
process studied here, as expected based on earlier observations
about the direct proportionality between the rate and light
intensity.
A straightforward method for the calculation of quantum yields
based on this plot was already published [23]. The slope (a) of the
ﬁtted line in Fig. 8, (1.13  0.03)  104 nmol1, the volume of the
reactor (V) and the molar absorption coefﬁcients (e) of the
reactants and products need to be used in the following manner:

F¼

Fig. 6. Kinetic traces measured in the photochemical oxidation of TCP. [TCP] =
0.20 mM; [phosphate buffer] = 0.010 M; path length 1.000 cm; V = 2.00 cm3;
T = 25.0  C; only the visible light was used (ﬁlter cut-off at 395 nm) (green trace);
10% illumination ratio (black trace); 100% illumination ratio (red trace); and no
stirring (blue trace). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.).
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ðeTCP  eDCQ Þl

ð2Þ

Fig. 8. Initial rate at 312 nm in the aqueous photoreaction of TCP as a function of
photon counts. [TCP] = 0.20 mM; [phosphate buffer] = 0.010 M; path length = 1.000
cm; V = 2.00 cm3; T = 25.0  C.
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The molar absorbance for TCP (eTCP = 4202  87 M1 cm1) and
for DCQ (eDCQ = 307  9 M1 cm1) were determined experimentally at 312 nm by measuring the UV–vis spectra of TCP and DCQ
solutions in known concentration, respectively. These values agree
well with previously reported ones [10,13]. The quantum yield
F = 0.057 was calculated for TCP degradation as a result. This value
is in agreement with those calculated in previous studies under
different conditions [4,5,14].
Another possible factor to be considered in a photochemical
process is the dependence on the temperature. In this manner, a
detailed study in the range of temperatures between 5.0 and
35.0  C was performed. Fig. 9 shows the absorbance-time traces at
different temperatures. The decomposition occurs faster with
increasing temperature, which may be somewhat unexpected as
the rates of simple photochemical reactions at constant reactant
compositions depend only on the illumination intensity but not on
temperature. The photon counts are unchanged as the absorption
spectra of TCP and DCQ are not inﬂuenced by this minor change in
temperature. This fact can be explained by an increase of the
quantum yield of a photochemical process when the temperature
is raised [5]. Actually, the low value of the quantum yield (0.057)
leaves the possibility of a temperature-dependent increase open.
The phenomenon is readily interpreted by assuming that the
excited form of TCP formed after light absorption is not only
involved in a chemical reaction, but an energy loss not resulting in
net chemical change (ﬂuorescence, vibrational relaxation, an
internal conversion followed by other processes, etc.) is also
operative. This energy loss is most probably radiationless, as
independent experiments showed that TCP practically does not
show any ﬂuorescence in aqueous solution (see Fig. S9 in the
Supplementary information). Therefore, the reaction is very likely
to obey the set of reactions:
hn

k1

k2

TCP! TCP  TCP  ! TCPTCP  !    ! DCQ

ð2Þ

In this scheme, rate constant k1 represents radiationless energy
loss, whereas k2 is the rate constant of the pathway that eventually
leads to the formation of DCQ.
The dependence of the initial rates on the temperature is
illustrated in Fig. 10. In this plot, an important effect of the
temperature was observed. As the temperature increased from 5.0
to 35.0  C, the rate of TCP degradation increased to 2.14-fold.
Following some literature precedents [36–41], this dependence
was interpreted by assuming that both k1 and k2 have Arrhenius
type temperature dependencies with pre-exponential factors A1

Fig. 9. Kinetic traces measured in the photochemical oxidation of TCP. [TCP] =
0.20 mM; [phosphate buffer] = 0.010 M; path length 1.00 cm; V = 2.00 cm3;
T = 35.0  C (pink trace), 25.0  C (blue trace), 20.0  C (yellow trace), 15.0  C (green
trace), 10.0  C (red trace) and 5.0  C (black trace). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.).

Fig. 10. Dependence of the initial rate on temperature for the photodegradation of
TCP. [TCP] = 0.20 mM; [phosphate buffer] = 0.010 M; path length 1.000 cm;
V = 2.00 cm3; T = 5.0-35.0  C. The solid lines correspond to the ﬁt of data using
Eq. (5).

and A2 and activation energies of Ea1 and Ea2. The temperature
dependence of the quantum yield is simply interpreted in this line
of thought as follows:

F¼

k2
A2 eEa2 =RT
¼
k1 þ k2 A1 eEa1 =RT þ A2 eEa2 =RT

ð3Þ

The temperature dependence of the initial reaction rate (r0, now
expressed as the time derivative of the amount of substance rather
than the v0 used earlier, the time derivative of absorbance) is then
described as:
r0 ¼ FN ¼

N
ðA1 =A2 ÞeðEa2 Ea1 Þ=RT þ 1

ð4Þ

By introducing new parameter combinations, this formula can
be written in a much simpliﬁed form:
r0 ¼

rmax
aeb=RT þ 1

ð5Þ

Here, rmax is the maximum rate of the photoreaction that would be
detectable in the absence of the radiationless energy loss, a
represents the ratio of the two pre-exponential factors, whereas b
is the difference of the two activation. The values of rmax could be
calculated from the experiments done at 25.0  C and was ﬁxed in
the evaluation (1.412 nmol/s). The plot shows that the formula in
Eq. (5) gives an excellent interpretation of the observations. Nonlinear least squares ﬁtting was used to obtain the following
parameter estimations: a = 0.0046  0.0021 and b = 20  1 kJ mol1.
The positive value of b means that the pathway leading to the
chemical reaction has a higher activation energy than the
radiationless energy loss, whereas a is smaller than 1, which
implies that the pre-exponential factor of the k1 pathway is lower
than that of k2. The excellent ﬁt in Fig. 10 suggests that the simple
interpretation proposed in Eq. (2) works well on a quantitative
level as well. However, it should also be pointed out that this
explanation is quite possible but not inevitable. The observed
temperature effect on the photodegradation of TCP degradation
might also be due to secondary thermal reactions between the
primary active species (i.e. phenoxyl radicals, or phenyl cations)
and/or products formed during the overall course of reaction (i.e.
DCQ + TCP). These two alternative interpretations could probably
be distinguished based on quantitative measurements by determining the quantum yield of the primary photochemical process
by a technique with very high time resolution (such as laser ﬂash
photolysis or possibly pulse radiolysis).
Based on the ﬁndings reported in this paper and previous
literature data [4,33,34,42–44], a detailed mechanism with the
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Scheme 1. Proposed reaction scheme for the aqueous photodegradation of 2,4,6-trichlorophenol.

possible chemical structures is shown in Scheme 1. In this
mechanism, absorption of light produces the excited form of
TCP. As shown in the previous paragraphs, this excited state is
involved in two processes: one is the loss of excitation energy
without radiation and chemical reactions (its conversion to heat),
whereas the other yields new products. Presumably, internal
conversion to a triplet state precedes the chemical reactions and
the k2 may very well represent the unimolecular rate constant of
internal conversion. Again, based on the previous knowledge
[4,13,23,33,34,42–44], it seems likely that the ﬁrst direct product of
the photoreaction is a hydroquinone, so the process is a
substitution of a chlorine atom by a hydroxyl group. This
substitution may occur at two positions. Therefore, two products
are possible. Each of these hydroquinone products can easily be
oxidized to the corresponding quinone. This process is known to be
reasonably fast under neutral conditions in the presence of oxygen
[9,24]. Finally, the 2,6-dichloro-1,4-benzoquinone has a wellknown photoreaction, which produces a hydroxyquinone and the
hydroquinone [23].
In addition, Scheme 1 also indicates the possible formation of
3,5-dichlorobenzene-1,2-diol and 3,5-dichloro-1,2-benzoquinone,
which could be minor by-products and could explain some of the
ﬁne details of experimental observations. For example, 3,5dichloro-1,2-benzoquinone is an isomer of DCQ and might be
responsible for the appearance of the peak at retention time
1.62 min in the chromatogram shown in Fig. 4 and may also cause
the initial decrease in absorbance shown in Fig. 2 on the kinetic
trace detected at 260 nm.

benzoquinone, 3,5-dichloro-2-hydroxy-1,4-benzoquinone and
2,6-dihclorohydroxyquinone were detected as products of the
photodegradation of 2,4,6-trichlorophenol, the second and third
probably originating from the independently known aqueous
photoreaction of 2,6-dichloro-1,4-benzoquinone. In addition, the
formation of 3,5-dichlorobenzene-1,2-diol and 3,5-dichloro-1,2benzoquinone is also possible. The rate of the photochemical
process was systematically studied as a function of reactant
concentration, reaction volume, illumination ratio and temperature. These observations allowed us to postulate a mechanism, in
which the excited form of TCP undergoes radiationless energy loss
and a series of chemical reactions in a competitive manner.
Because of the competition, the quantum yield of reactant loss
shows a modest dependence on temperature, proposing an
Arrhenius-type equation interpreted these data reasonably well.
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