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ABSTRACT

This work aims to investigate the catalytic properties of the heteropolyacids (HPAs) within
photocatalytic process. Photocatalytic degradation of phenol in aqueous solution was per-
formed using Wells–Dawson HPAs as catalysts under UV-illuminated condition at 254 nm.
The effects of various parameters such as, concentration of catalyst, initial pH, and initial
phenol concentration on the performance of photocatalytic process have been investigated
to obtain the efficient and durable catalysts and determine the better reaction conditions.
The kinetics and the efficiency of phenol degradation were determined by various analytical
techniques, such as HPLC and TOC. The results show that the photocatalytic degradation
efficiency increases with decreasing pH and the optimum pH is 2 for both catalysts. The
photodegradation follows pseudo-first-order kinetics with rate constants k = 8.56 × 10−2 and
9.94 × 10−2 min−1 for iron- and vanadium-substituted HPAs, respectively.

Keywords: Wells–Dawson HPA; Homogeneous catalysis; Phenol photodegradation; UV
irradiation

1. Introduction

Nowadays, the pollution of water resources
becomes a very serious problem attracting more and
more concerns. Among all kinds of contaminants,
phenol, widely used as an industrial raw material or
intermediate, is one of the most toxic organic
discharged by numerous manufactories [1]. Phenol

gives an unpleasant taste and odor to drinking water
and can exert negative effects on different biological
processes. In the presence of chlorine, phenol forms
chlorophenols [2] which are readily absorbed by
gastrointestinal tract causing acute toxicity and
increase respiratory rate followed by vomiting and
nausea. Even for concentrations as low as 0.1 mg/L,
chlorophenols produce an objectionable taste when
they are mixed with drinking water [3]. The toxicity
increases with the degree of chlorination which could
generate mutagenic and carcinogenic chlorophenols*Corresponding author.
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compounds. Therefore, increasingly stringent restric-
tions have been imposed on the concentrations of
phenol in drinking water and in wastewater for safe
discharge [2]. Biological degradation, membrane
filtration, ion exchange, reverse osmosis, adsorption,
biosorption, oxidation with hydrogen peroxide, wet
oxidation, electrochemical oxidation, and photocata-
lytic degradation have been used for the removal of
phenols [3]. The most conventional processes have
significant disadvantages such as incomplete ion
removal, high-energy requirements, production of
toxic sludge, or other waste products that require
further disposal. The efficiency and simplicity of
advanced oxidation processes (AOPs) make them a
suitable choice for the removal of toxic chemicals from
wastewater in the recent years [4–6]. AOPs are very
promising, well known for their oxidizing efficiency
even in traces. Especially, titanium dioxide (TiO2) and
polyoxometalates (POMs) photocatalysis are more
elegant and practical [7].

In general, POMs constitute a large category of
well-defined metal oxygen cluster anions, formed by
condensation of mainly tungstates and/or molybdates
with or without participation of a variety of other
elements [8–10]. Together with the Keggin anion, the
Wells−Dawson molecule is probably the second
heteropolyanion in popularity. POMs Dawson type
[11] is formed by the connection of metal-oxygen
polyhedral building blocks via covalent bonding. The
central metal atoms are usually tungsten and/or
molybdenum [12]. Acidification of the tungstate and
the molybdate solutions in the presence of other anions
leads to the incorporation of these anions at the center
of the polyanion to form the so-called heteropolya-
nions or POMs [13]. Wells−Dawson heteropolyanion
structure can be formulated as [(Xn+)2M18O62]

(16−2n)− or
[(Xn+)2M15M3´O62]

(16−2n)−, where Xn+ represents a cen-
tral atom (heteroatom) such as P and Si, surrounded
by a cage of M or M´ addenda atoms, such as Mo6+ or
W6+ or a mixture of elements. Recently, the use of
heteropoly compounds as catalysts in both homoge-
neous and heterogeneous processes has attracted great
interest in organic synthesis because their stronger
Brönsted acidity, their redox properties can be
controlled at the molecular or atomic level and they
also offer economical and environmental benefits [14],
where the majority of POMs are not toxic and inexpen-
sive [15]. Yamase [16], Song and Barteau [17] and
Hiskia et al. [18] have used the POMs as photocatalysts
in many catalytic reactions and they proved that the
POMs are well-organized metal-oxygen cluster anion,
which initiates a variety of redox reactions under
UV-illuminated condition [19]. Hiskia et al. [18], Bae
et al. [19] and Kim et al. [20] have also demonstrated

that the features and photo-behavior of POMs are
similar to those of semiconductor metal oxides
and have a wide application as catalysts. Troupis
et al. [7], have examined the photocatalytic
reductive degradation of azo dye by four POMs:
PW12O

3�
40 ; SiW12O

4�
40 ; P2W18O

6�
62 , and P2Mo18O

6�
62 in

order to examine the influence of the kind of POM on
the process efficiency. They have shown that by taking
advantage of POMs ability to exhibit widely, yet
precisely varied redox potentials (Table 1). The redox
control is imposed in the process of degradation,
where a rapid photocatalytic reduction decoloration is
obtained by a series of polyoxotungstates POMs in the
presence of a sacrificial reagent propan-2-ol following
the order PW12O

3�
40 [ SiW12O

4�
40 [P2W18O

6�
62 and no

effect of polyoxomolybdates.
Heteropolyacid (HPA) is the tertiary structure of

POM. Catalysis by HPAs is a field of increasing
importance, in which many new and exciting develop-
ments are taking place in both research and technol-
ogy [21]. HPAs possess unique properties such as:
well-defined structure, ability to accept and release
electrons, high proton mobility, and possibility to
modify their acid–base and redox properties by chang-
ing their chemical composition [22,23]. In addition to
their stronger Brönsted acidity, one of the great
advantages of HPAs catalysts is that their catalytic
properties can be tuned in a systematic way by replac-
ing protons or by substituting framework transition
metal atoms with different metals [24].

The present paper covers the synthesis of several
Wells–Dawson HPAs, followed by application of these
HPAs in homogeneous photocatalytic process i.e.
using vanadium-substituted HPA (V-HPA) and iron-
substituted HPA-Dawson type as photocatalysts for
phenol degradation in aqueous solution. The efficiency
of photocatalytic process is evaluated by examining,
initial phenol concentration, pH, and catalysts loading.
The effects of operational key parameters on phenol
photodegradation under ambient conditions are
obtained and the first-order rate kinetics is evaluated.

2. Materials and methods

2.1. Catalysts preparation

In 1953, Dawson was the first who characterized
and determined the position of the heteroatom by
single X-ray crystal study. The synthesis of
potassium salt α/β-K6P2W18O62 is the central of most
works based primarily on Wells–Dawson type
heteropolyanions [10,25–27]. In this work, the
diphosphooctadecatungstic salt α1K6P2W18O62.14H2O,
the unsubstituted HPA H6P2W18O62.14H2O, V-HPA
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H7P2W17VO62.14H2O, the molybdo-tungsto-diphos-
phates salt α-K6P2W12Mo5·10H2O, the unsubstituted
HPA H6P2W12Mo5·10H2O, and iron-containing HPA
(Fe-HPA) H5P2W12Mo5Fe·10H2O were prepared
according to the methods reported in the literature
[8,28–34].

All solvents and reagents for synthesis were
purchased from Aldrich at least grade of purity.
Phenol and other chemicals including, H2SO4, NaOH,
and acetonitrile were all offered from Merck as analyt-
ical reagent grade. All catalysts were recrystallized
twice, dried in a vacuum, and kept at room
temperature in desiccators.

2.2. Analytical methods

Photodegradation of phenol was monitored by
HPLC using Merck-Hitachi HPLC apparatus equipped
with UV/vis detector (L-4250. 190–700 nm) and a
pump (model L-6200) and a 5 μm C18 reversed-phase
column (250mm × 4.6 mm ID). Acetonitrile/water
mobile phase was 70/30 and the flow rate was 1mL/
min. Aliquots of 20 μL were injected onto a reversed
phase and analyzed by UV/vis detector at 254 nm
wavelength.

The progress of the total mineralization of phenol
during the treatment was monitored by measuring
dissolved organic carbon using a liquid TOC II ana-
lyzer. Reproducible TOC values were obtained from
analysis of variable sample volumes between 0.04 and
4mL and fast multipoint calibration with one standard
solution. During all experiments, samples were
immediately measured without using any filter. More-
over, the pH solution was adjusted at desired value
by adding concentrated sulfuric acid (H2SO4.98%) or
sodium hydroxide solution (NaOH, 0.1M). Then, the
pH and temperature were measured using a digital
pH-T-meter (Hanna Instruments, model HI 8424 N).

2.3. Photodegradation experiments

Photocatalytic activity of the synthesized catalysts
was evaluated using aqueous solution of phenol under
ultraviolet irradiation. All degradation experiments
were conducted in a Pyrex cylindrical photoreactor
with 0.85 L capacity. A UV lamp (high-pressure

mercury lamp Heraeus, TQ 718 of 700W), emitting at
254 nm wavelength, was positioned at the center of
the cylindrical vessel and surrounded by circulating
water jacket to keep room temperature (25 ± 1˚C)
during the reactions. The reactor is covered with an
aluminum sheet so that no stray light can enter to the
reactor and to prevent loss of UV light. The stirring
was accomplished by means of a closed circulating
loop using a pump at a flow rate of 150 L/h. The flow
system was assembled with poly-tetra-fluor-ethylene
tubing and connectors. The schematic diagram of the
experimental setup used in this study is shown in
Fig. 1.

Decomposition and mineralization of phenol in
the presence or absence of HPAs have been studied.
The degradation efficiency of phenol is defined as
follows:

Degradation efficiency ¼ C0 � C

C0
� 100 (1)

where C0 is the initial concentration of phenol and C
is the phenol concentration at photolysis time (t).

Moreover, the degradation efficiency is evaluated
using the kinetics models to represent the influence of
catalysts loading. The Langmuir–Hinshelwood model
is usually used to describe the kinetics of photocata-
lytic reactions of aquatic organics [35–37]. In most
photocatalytic kinetic studies, it is assumed that the
low concentration used in the experiments allowed
that the model can be simplified to the first-order
kinetics which is expressed by the following equation:

ln
C

C0

� �
¼ �kt (2)

A plotting of −ln(C/C0) vs. illumination time (t) yields
a straight line, where the slope is the rate constant k.
The photodegradation and the rate reaction depend
on several factors. To study the effect of these vari-
ables, the experiments were repeated under different
pH values (1.9–4), catalyst concentrations (6–14mM),
and initial phenol concentrations (0.32–1.27 mM). The
experiments were performed for 120min and the
liquid samples were taken at preset time intervals.

Table 1
Reduction potentials of the POMs photocatalysts [7]

POM P2W18O62
6−/8− P2W18O62

6−/7− PW12O40
3−/4− Si W12O40

4−/5−

Potentials E˚(volts) +0.664 +0.334 +0.221 +0.057
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3. Results and discussion

3.1. Effect of UV irradiation and photocatalyst containing
phenol

The photodegradability of phenol has been investi-
gated by exposing the phenol solutions to UV light
only and in the presence of 8mM of catalyst.

Fig. 2 shows the photodegradation of 1.06mM
phenol in aqueous solutions under various reaction
conditions. The results demonstrate that the efficiency
of degradation increases with the UV-irradiation expo-
sure time. The phenol photodegradation is not signifi-
cant in the absence of catalyst where the degradation
of phenol is less than 35% within 60min in the direct
photolysis. Moreover, in the presence of V-HPA and
Fe-HPA catalysts, almost 96 and 89% of phenol have
been degraded within 60min, respectively.

3.2. Effect of initial phenol concentration

The effect of initial concentrations of phenol on the
degradation has been investigated between 0.32 and
1.27mM of phenol solutions. The photodegradation by
Fe-HPA/UV and V-HPA/UV are shown in Figs. 3
and 4, respectively.

It is observed that the degradation efficiency
increases with the decreasing initial concentration
using 8mM of both catalysts. When C0 < 0.32 mM,
100% of phenol is degraded only within 45min of irra-
diation in the presence of V-HPA and within 60min
in the presence of Fe-HPA. Under the same conditions
stated above, C0 increases up to 1.27mM, 79 and 74%
of phenol are removed, respectively. At C0 = 1.27 mM,

the degradation efficiency does not exceed 88% within
120min of irradiation using Fe-HPA catalyst and
100% of phenol is degraded within only 105min using
V-HPA catalyst.

The calculated values of the initial rate (rin) are
used to confirm previous results. At the beginning of
irradiation, degradation rate is expressed by the initial
degradation rate as follows:

rin ¼ kC0 (3)

The results of initial photocatalytic degradation rates
are given in Table 2.

T
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Cooling water 
inlet

Cooling water 
outlet

UV-lamp
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reactor

Flowmeter
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DischargeWashing-up
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Fig. 1. Schematic diagram of the photocatalytic degradation reactor setup.
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Fig. 2. Photodegradation of phenol by direct photolysis and
by HPA/UV processes. Experimental conditions: [C0] =
1.06mM, [HPA] = 8mM, t = 60min, pH = 2.5, and T = 25˚C.
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As shown in Table 2, the initial rate increases with
the initial phenol concentration from 0.32 to 1.06mM,
but rin decreases when the initial concentration
exceeds 1.06 mM. The increasing of phenol concentra-
tion is beneficial to allow more phenol molecules to
react with the hydroxyl radicals. However, too high
phenol concentration could be unfavorable to the UV
light penetration because the yellow color of phenol
solution becomes more and more dark and then
becomes impermeable to UV irradiation which
decreases the initial rate.

Many researchers proved that the initial rate of
photocatalytic reactions is a function of other
parameters. Chin [38] reported that the photocatalytic
initial reaction rate is a function of initial species

concentration (C0), catalyst weight/concentration (CC),
and rate of photon absorption (Pa) (Eq. (4)). He indi-
cated that when CC increases, the initial reaction rate
increases until a maximum is achieved, corresponding
to the total absorption of incident light. No benefit is
observed from further increasing of CC because
the additional catalyst does not participate in the
photoreaction.

rin ¼ fðC0ÞfðCCÞfðPaÞ (4)

Therefore, the degradation rate (k) and the photodeg-
radation efficiency decrease vs. the initial phenol
concentration i.e. increase of initial concentration
decelerates the rate of degradation and the amount of
catalyst is not sufficient for the degradation.

The present results are consistent with previous
works [7,39] and indicate that the photocatalytic deg-
radation process using HPA/UV is rather promising
at lower reactant concentrations. From previous tests,
we can initially conclude that V-HPA is the most
promising catalyst for phenol photodegradation.

3.3. Effect of pH

pH is an important parameter in photodegradation
because the photocatalysis takes place on the surface
of photocatalyst and the pH determines the surface
charge of the photocatalysts.

Moreover, pH plays an important role in the stabil-
ity of HPAs in aqueous solution, because the majority
of HPAs, namely the Wells–Dawson type are only sta-
ble in acidic environment [40]. In this work, the effect
of pH value has been studied in a range 1.9–4 because
the Wells–Dawson HPAs are only stable at pH < 4
[23]. Fig. 5 shows the effect of pH on the photocata-
lytic degradation of phenol.

The results show a significant effect of pH. In
general, the degradation efficiency of phenol increases
with decreasing pH.

It is seen that in a pH range (1.9–2.5): a complete
degradation of phenol by V-HPA/UV process is
achieved and about 90% of phenol has been degraded
by Fe-HPA/UV process, where the pH 2 is more
favorable for both HPAs.

To clarify the mechanism of re-oxidation of the
reduced HPA(e−) by O2 in solution, below are given
redox reactions involved in the reduction of
dioxygen in an acidic aqueous solution with the
corresponding redox potentials. These data allow to
set a thermodynamic assessment to explain how the
re-oxidation of HPA(e−) takes place.
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Fig. 3. Effect of the initial phenol concentration on
photodegradation. Experimental conditions: [Fe-HPA] = 8
mM, t = 120min, pH = 2.5 and T = 25˚C.
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O2 þ e� þHþ ! HO�
2 E ¼ �0:05V (5)

O2 þ 2e� þ 2Hþ ! H2O2 E ¼ 0:68V (6)

O2 þ 4e� þ 4Hþ ! 2H2O E ¼ 1:23V (7)

Efforts have been made by Park et al. [24,41] to deter-
mine the relationship between reduction potential of
HPA and their catalytic activity. They have obtained
that the HPAs which have high reduction potentials
showed high oxidation yields.

It can be seen from Eq. (5) that O2 is a rather poor
one electron oxidant and the oxidation of the reduced
HPA(e−) with O2 to form HO�

2 radical is highly
unfavorable thermodynamically (low potential).
However, two or four electron oxidations are feasible
(Eqs. (6) and (7)). Consequently, the reduced HPA(e−)
is more re-oxidized with high electron oxidation
number and high proton H+ number i.e. pH should be
decreased [42].

3.4. Effect of catalyst concentration

The concentration of catalyst is an important
operating parameter to be investigated to insure the

total absorption of efficient photons without
undesirable excess of catalyst.

The influence of HPA loading on the rate of phe-
nol degradation has been investigated within 20min,
while keeping the same experimental conditions (C0 =
1.06 mM, pH = 2, and T = 25˚C). The effect of catalysts
loading is presented in Figs. 6 and 7 and the pseudo-
first-order rate constants of reaction at different load-
ing are shown in the following table:

The results presented in Figs. 6 and 7 show that
the photodegradation efficiency increases with the
catalyst concentration from 6 to 14mM. With reference
to k values in Table 3, it is found that the linear rela-
tionship is consistent. It is also observed that, the deg-
radation efficiency increases as a function of catalyst
concentration, following the order 6 < 8 < 10 < 12 < 14.
Furthermore, the photodegradation of phenol is best
and fastest at the following catalysts optimal concen-
trations: [Fe-HPA] = 12mM and [V-HPA] = 10mM,
where their rate constants values are found k = 8.56 ×
10−2 and 9.94 × 10−2 min−1, respectively. According to
these results, it has been decided to keep HPAs con-
centrations at the optimum value in subsequent photo-
catalytic degradation experiments. Beyond the
optimum dose, the photodegradation is constant and

Table 2
Initial degradation rates of phenol solutions

C0 (mM)
Fe-HPA V-HPA

k (min−1) rin (mMmin−1) k (min−1) rin (mMmin−1)

0.32 0.1187 0.0380 0.1319 0.0422
0.53 0.0848 0.0449 0.1004 0.0532
1.06 0.0760 0.0808 0.0817 0.0868
1.27 0.0623 0.0791 0.067 0.0851
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the V-HPA catalyst has the best catalytic activity with
low amount.

3.5. Total mineralization of phenol

The extent of phenol mineralization is examined
by determination of the removed amount of TOC. The
temporal changes of TOC during the photodegrada-
tion process of phenol in presence of Fe-HPA and
V-HPA are depicted in Fig. 8.

The study of the complete mineralization of phenol
has shown that 74 and 87% of TOC has been removed
by Fe-HPA/UV process after 90min and V-HPA/UV
process after 60min, respectively. The UV irradiation
of the sample without catalysts shows extremely low
TOC abatement.

TOC remains almost constant even when phenol is
completely removed from the solution in the presence
of HPA catalysts. This does not mean that the HPA
catalyst is not efficient for phenol degradation since
some intermediates may be produced.

Many works based on the photocatalytic
degradation of phenolic compounds, have thoroughly
investigated the mechanism and pathway of phenol
mineralization [43–48].

The phenol degradation proceeds primarily by
the attack of the hydroxyl radicals, which result in the
hydroxylation of the parent compound of phenol. The
photocatalytic degradation of phenol yields catechol
and/or hydroquinone as the primary hydroxylated
intermediates, which on further exposure results on
the formation of a fully hydroxylated secondary inter-
mediate species (par-quinone or hydroxyl hydroqui-
none). This step is followed by the fragmentation of
the dihydroxy phenols to form hydroxyl-substituted
miconic acid and muconic aldehyde. The latter
degrades to simplest organic acids like oxalic acid,
maleic acid, fumaric acid, etc. which are further
mineralized to form CO2 and H2O [45]. Fig. 9 shows
the different steps of phenol degradation.

The intermediates formed in AOPs are sometimes
more toxic than the parent compounds and are
required to be decomposed completely using either
combination of AOPs or combination of AOP and
some other treatment methods such as adsorption and
biodegradation.

3.6. Discussion

Interestingly, the HPA is keeping its structure
intact even if it undergoes stepwise multielectron
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Fig. 7. The change of rate constant as a function of V-HPA
loading for phenol photodegradation. Experimental
conditions: [C0] = 1.06mM, pH= 2, and T = 25˚C.

Table 3
Photolytic reaction constants of HPAs catalysts and correlation coefficient R2

Fe-HPA (mM) k (min−1) R2 V-HPA (mM) k (min−1) R2

0 0.0610 0.9916 0 0.0610 0.9916
8 0.0690 0.9873 6 0.0707 0.9930
10 0.0760 0.9965 8 0.0881 0.9982
12 0.0856 0.9931 10 0.0994 0.9820
14 0.0879 0.9957 12 0.1012 0.9711
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redox reactions. Thus, HPA can serve as multielectron
relays. HPA can also serve as oxygen relays and
replenishing the consumed oxygen with atmospheric
oxygen. These properties make HPA attractive for
applications in photocatalytic degradation.

The proposed mechanistic scheme involving the
photocatalytic degradation of phenol in the presence
of HPA can be summarized by the photocatalytic cycle
in Fig. 10.

Fig. 10 shows the common photocatalytic cycle of
HPA, which is similar to the well-known mechanism
of semiconductor photocatalysis.

This photocatalytic cycle is explained by proposed
mechanisms where the oxidation is supposed to be per-
formed indirectly by highly oxidizing radical OH� or
directly in the presence of the excited HPA (e− + h+).

Firstly, in analogy with metal oxide particulates,
the excitation of HPA can be considered as electron
hole (h+) separation, represented as follows:

HPA$hm HPAðe� þ hþÞ (8)

The electron reduction of HPA upon illumination in
the UV area by an electron donor (substrate S) to form
the reduced HPA(e−) is followed by the easy
re-oxidation to its original electron state by an electron

acceptor. The substrate reacts directly with the excited
HPA (Eq. (9)) or, indirectly via OH� radicals (Eq. (11)).
The latter is generated by the high oxidizing ability of
the excited HPA (Eq. (10)).

HPAðe� þ hþÞ þ SþOxidant ! SOx þHPAðe�Þ (9)

HPAðe� þ hþÞ þH2O ! HPAðe�Þ þOH� þHþ (10)

SþOH� þH ! SOx þH2O (11)

where S: substrate (phenol); SOx: are the oxidation
products; and Oxidant: dioxygen is the most common
and benign oxidant.

The oxidant restores the reduced HPA(e−) to the
original oxidized form and undergoes reductive acti-
vation by the superoxide radical anion O��

2 (Eq. (12))
where O��

2 can initiate further oxidations (Eq. (13)).

HPAðe�Þ þO2 þHþ þ e� ! HPAþO��
2 þH2O (12)

O��
2 þ S ! SOx (13)

Consequently, in the presence of phenol and
dioxygen, the reduced HPA(e−) is re-oxidized in acidic
medium (Eq. (14)).

Fig. 9. Detailed pathway of phenol degradation adapted from different studies [45–47].
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HPAðe�Þ þ SþO2 þ 4Hþ þ 4e� ! HPAþ SOx þ 2H2O

(14)

Usually, the tungsten HPAs are the catalysts of choice
because of their stronger acidity, higher thermal
stability, and lower oxidation potential compared to
molybdenum HPAs. In addition, the excitation by
UV-illumination renders tungstate HPAs powerful
oxidizing reagents in relation to molybdate HPAs and
their fast re-oxidation by dioxygen makes them the
most efficient photocatalysts [49].

Some theoretical and instrumental techniques have
been employed to determine the reduction potential of
HPAs. According to work of Park et al. [41], the corre-
lations between redox properties and catalytic oxida-
tion activities of H4PW11M1O40 (M =V, Nb, Ta) and
H7P2W17M1O62 (M =V, Nb, Ta) catalysts have revealed
that their catalytic activity increased with the increas-
ing of reduction potential of the HPA. It has been
demonstrated that vanadium-containing HPAs
showed excellent redox properties, where the first
electron reduction potential of H7P2W17VO62 catalyst
was found to be −0.539 V.

4. Conclusion

In this study, the experimental results demonstrate
that the UV technology assisted by HPAs as strong
acidic catalysts can be effectively used for degradation
of refractory organic compounds such as phenol at a
relatively short time t = 60min for H7P2W17VO62.14H2O
and t = 90min for H5P2W12Mo5Fe.10H2O.

It is obvious that the photodegradation is strongly
influenced by various parameters, particularly pH,
irradiation time, and catalysts loading. The photodeg-
radation of phenol is more effective in acidic medium.
The optimum pH for the photodegradation is 2 for
two HPAs.

The first-order rate expression has been used to
describe the photodegradation reaction, where the rate
constants k = 8.56 × 10−2 and 9.94 × 10−2 min−1, respec-
tively, for iron- and vanadium-substituted Dawson
HPAs were obtained in the optimal conditions.

The results of TOC indicate that more time is
required to complete the mineralization of phenol into
water and carbon dioxide by the photocatalysis
processes.

The photodegradation study and mineralization
test exhibit that the tungstate HPA H7P2W17

VO62.14H2O is the most efficient photocatalyst for
phenol degradation.
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