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The widespread application of phenolic substances in the field of food, medicine and industry, is
harmful to the environment and human health. Therefore, it is very important to develop a con-
venient and effective method to detect and degrade phenolic compounds. Herein, we report a new
keggin-type polyoxometallate-based metal-organic complex self-assembled under solvothermal condition,
{[Cu(dap)(3-PA)]4(SiW12040)(H20),}-2H,0 (1, dap = 1,2-diaminopropane, 3-HPA =3-pyridineacrylic acid).
1 shows an interesting 1D ladder-like structure. As a bifunctional catalyst, 1 can be employed as a colori-
metric sensor toward phenol with the relatively low detection limit (LOD) of 0.36 pmol/L (S/N=3) in the
wide range (0.001-0.1 mmol/L). The title colorimetric sensor is applied to determine phenol in various
water environment with good recoveries ranging from 95%-105%. In addition, 1 also exhibits excellent
photocatalytic degradation toward phenol under visible light with the highest removal efficiency at 96%
for 100 min and wide pH universality. The selectivity, stability and reliability of the detection of 1 towards
phenol, as well as the detection for 4-chlorophenol, o-cresol, 4-nitrophenol and phloroglucinol were stud-
ied. Furthermore, the photocatalytic reaction kinetics and the mechanisms of photodegradation of phenol
were also investigated in detail.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phenolic substances (phenol, 4-chlorophenol, 4-nitrophenol, etc)
are widely used in food, medicine and industry, but many of
these phenolic substances are discharged into the water as effluent,
which has resulted in serious water pollution around the world
[1-3]. We need an eco-friendly settlement that can detect and re-
moval phenolic substances in wastewater [4-6]. Phenol is the most
common pollutant of phenolic substances exist in wastewater and
the World Health Organization (WHO) listed it as priority control
pollutant in water due to its carcinogenic nature. As for the U.S.
Environmental Protection Agency (EPA), the maximum permitted
limit of phenol in drinking water is 1pg/L [7-9]. To detect phenol
in aqueous medium, some methods have been reported including
chromatographic, spectrophotometric and electrochemical. Never-
theless, the colorimetric analysis is an effective method for detect-
ing phenol owing to its high degree of precision, selectivity and
sensitivity [10,11]. Besides that, the removal of phenol is extremely
important, consequently, scientists are devoted to develop a new
promising method with prominent efficiency. Many methods have
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been obtained for removing phenolic substances in wastewater
such as biological treatment, adsorption extraction, chemical pre-
cipitation and membrane separation [12-14]. Compared with above
methods, the photodegradation of phenolic substances is one of
the promising method due to its low treatment cost and no sec-
ondary pollution [15,16]. Therefore, design and synthesis new cat-
alysts for both trace detection and photodegradation of phenol is a
challenging and meaningful work.

Polyoxometallates (POMs) with oxygen-rich surfaces and highly
negative charges, have attracted more and more attention due
to their interesting structural diversity and potential applica-
tions [17-26]. POM-based metal-organic complexes (POMOCs)
as a branch of POMs, are often used as a catalytic material
widely used in photo/electro-catalysis, electrocatalysis, adsorp-
tion, magnetism and other fields due to their excellent stability
[27-32]. Researchers have reported several POMOCs to detect or
removal phenolic substances. Ma et al. has obtained a new POMOC
[Coy(btap)4(H20)4][SiW12049] (btap = 3,5-bis(triazol-1-yl)pyridine)
with two fold interpenetrated and displayed excellent colorimetric
detection performance to phenol with LOD of 1.32 pmol/L [33].
Su et al. has synthesized a new POMOC hybridy {((Cu(bipy)),(u-
PhPO3), Cu(bipy)),H(PCuW;;039)-3H,0},  (bipy =2,2’-bipyridine)
used as biocatalyst for degradation of phenol, 4-chlorophenol
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(4-CP) and 2,4-dichlorophenol (2,4-DCP) [34]. To our knowledge,
the colorimetric analysis and photodegradation of phenol using a
single material has not been well-explored. Hence, this study is
highly significant and useful for industrial application.

In this work, we obtained a new POMOC by using Keggin-type
[SiW1,040]* (SiW;2) and 3-HPA ligand in presence of dap under
solvothermal reaction, namely {[Cu(dap)(3-PA)]4(SiW12049)(H20),}
-2H,0 (dap =1,2-diaminopropane, 3-HPA = 3-pyridineacrylic acid)
(1), and characterized it by elemental analysis, IR spectra, PXRD
and UV-vis diffuse-reflectance. 1 as a peroxidase, evaluated
through H,0,, and the oxidative coupling reaction of phenols and
4-aminoantipyrine (4-AAP) proves the good catalytic activity of 1,
a rapid colorimetric method for the determination of phenols was
established. The LOD is only 0.36 pmol/L using 1 as a peroxidase
mimic. Furthermore, 1 exhibits excellent photocatalytic degrada-
tion performance toward phenol with the removal efficiency of 96%
for 100 min, and has satisfactory selectivity, stability and reliability.

Synthesis of {[Cu(dap)(3-PA)]4(SiW12040)(H;0),}-2H,0 (1): A
mixture of Cu(NOs);-3H,0 (0.50g, 2.07mmol), Hy[SiW13040]
xH,0 (0.50g, 0.17mmol), 3-HPA (0.40g, 2.68 mmol), 14-
naphthalenedicarboxylic acid (1,4-H,NDC) (0.20g, 0.92 mmol),
dap (0.2mL), H,O (4mL) and acetonitrile (2mL) was stirred for
2h (pHstart =3.77). The resulting mixture was added to a 25mL
Teflon-lined stainless steel reactor, then kept at 120°C for 4 days
and cooled to room temperature (pHepq =3.71). Blue block crystals
were filtered from solution, washed by ultrapure water and ace-
tonitrile with a yield of 54% based on H4[SiW13040]-xH,0. Anal.
calcd. for C44H79CuyN1,05,SiW5: C, 12.92; H, 1.73; N, 4.12. Found:
C, 12.98; H, 1.81; N, 4.10. IR (KBr, cm~'): 3558 (w), 3438 (w),
3324 (w), 3245 (w), 2954 (w), 2869 (w), 1641 (m), 1555 (s), 1464
(w), 1441 (s), 1362 (m), 1287 (w), 1259 (m), 1185 (w), 1071 (m),
1009 (m), 999 (m), 969 (m), 912 (m),873 (m), 775 (s), 696 (w),
633 (w), 537 (m). The crystallographic data structure refinement
information and selected bond distances (A) of 1 are summarized
in Tables S1 and S2 (Supporting information), respectively.

Complex 1 used a mixture of Cu(NOs3),-3H50, Hy(SiW13049)-
xH,0, 3-HPA, 1,4-H,NDC, and H,0 at 120°C for 4 days under
solvothermal conditions. Although 1,4-H,NDC was used as a start-
ing material for the synthesis of 1, 1,4-H,NDC was not present
in 1. Exploratory experiments showed that 1 is not obtained un-
der the same conditions after removal of 1,4-H,NDC. The addi-
tion of 1,4-H,NDC may provide a suitable solution environment
for high-quality crystalline materials and play a role in mineraliza-
tion [35]. During the synthesis of complex 1, we carried out the
parallel experiments under the same conditions. When replaced
Cu(NO3),-3H,0 by Cu(OAc),-H,0 or CuCl,-2H,0, no blue crystal
produced; when we added 0.1, 0.15, 0.2, 0.25 or 0.3 mL of dap re-
spectively, the results showed that the same product was obtained
in the range of 0.15-0.25; and we tried 100°C, 120°C, 140°C, and
only obtained crystals at 120°C.

The results of Bond-valence-sum (BVS) calculations show that
the valence of Cu, Si and W atoms in 1 are +2, +4 and +6 (Ta-
ble S3 in Supporting information), verifying the charge balance of
1 [36]. Single crystal X-ray diffraction indicated that complex 1
crystallizes in triclinic space group P-1. The structure unit of 1 is
consists of one [SiW;3040]*" anion, two {[Cu(dap)(3-PA)],(H,0)}>*
metal-organic units, and two lattice water molecules (Fig. 1a).
[SiW;,040]* anion presents a classic Keggin-type structure, and
eight oxygen atoms surround the central atom Si in a semi-
occupied manner [Si-0: 1.57(3)-1.71(3) A, W-0: 1.66(3)-2.50(3)
A]. The 3-PA ligands exhibit cis and trans coordination modes: 3-
PA-a and 3-PA-b. Two crystallographically independent Cu®* ions
(Cul, Cu2) in 1, which adopt pentacoordinated environment in a
distorted square-pyramid geometry. Cul is coordinated with two
N atoms from one dap ligand, one N atom from 3-PA ligand and
one O atom from {SiW;,} anion, while Cu2 bonds to two N atoms
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Fig. 1. (a) The structure unit of complex 1. (b) Wave-like {[Cu(dap)(3-
PA)]5(H;0)},2" chain. (c) Nano-ladder (dap and coordinated water molecules are
omitted for clarity).

from one dap ligand, one N atom from 3-PA ligand and one O atom
from coordinated water molecule (Figs. S1a and b in Supporting
information). Thus, the crystallographically independent Cul and
Cu2 ions are linked by 3-PA-a and 3-PA-b in an alternate man-
ner to form a wave-like 1D metal-organic chain along the b-axis
(Fig. 1b, Figs. S1c and d in Supporting information). One dap and a
coordinated water molecule decorate on both sides of the chain by
coordinating with each Cu ion. Two mutually parallel {[Cu(dap)(3-
PA)]5(H,0)},2™ chains are bridged by SiW;, anions and coordi-
nated with Cul ions to generate a inorganic-organic nano-ladder
(Fig. 1c and Fig. Sle in Supporting information). The Cu-O dis-
tances are in the range of 1.92(2)-2.15(2) A and the Cu-N distances
are from 1.97(2) to 2.06(2) A] (Table S2). The adjacent chains were
connected through H-bonds between carboxyllate oxygen and co-
ordination water to form 2D supermolecular layer (Table S4 and
Fig. S2 in Supporting information).

Up to now, only a few POMOCs constructed with 3-
HPA have been reported, such as (3-H,PA)[(3-HPA),Ag][AgAlMog
Hg024]-3H,0 (2), [(3-HPA)Ag][(H20),Ag]2[AlMogHg024]-2H,0 (3)
and HNa,[(3-PA)(3-HPA)Ag],[AIMogHg0,4]-8H,0 (4) [37]. As we
know, 3-HPA have shown free ligand (in 2), monodentate ligand
(in 3) and cis-bidentate ligand (in 4), respectively. It is interesting
that 3-PA exhibits cis and trans bidentate coordination modes si-
multaneously in complex 1.

Firstly, powder X-ray diffraction (PXRD) and IR spectroscopy
were used to characterize the complex 1. The detail information
can be found in the supporting information. The simulated and ex-
perimental diffraction peaks are matches well, indicating that the
phase purity of 1 is well (Fig. S3 in Supporting information). The
FT-IR spectrum shows the bands at 999 cm™!, 969 cm™!, 948 cm™!
and 873 cm™! are attributed to Vas(W=0¢), Vas(Si-0a), vas(W-0p-
W), and v45(W-0.-W), respectively. The absorption bands at 2869-
2954 cm™! and 1441-1555 cm™! are corresponded to -NH, and -
CH, group (Fig. S4 in Supporting information) [38]. Above results
showed that the complex 1 were synthesized from the correspond-
ing starting materials.

As we know that excessive amounts of phenolic compounds are
harmful to biological tissue. Therefore, the detection of phenolic
contaminants is very important [39,40]. Colorimetry can use color
change to qualitatively or quantitatively detect substances. The de-
termination process is simple and rapid, which attracts people’s
attention [41,42]. In order to explore the peroxidase-like charac-
teristics of 1 (Fig. 2a), H,O, was used as oxidant for the oxida-
tive coupling reaction between phenol and 4-AAP. In the control
experiment, only phenol and 4-AAP were added. In this system,
when H,0, and 1 are added, the solution changes from colorless
to obvious pink by naked eyes, and the UV-vis peak at 503 nm is
enhanced, which indicates that oxidative coupling reaction occurs.
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Fig. 2. (a, b) UV-vis absorbance spectra of diverse systems and various compounds
(1, SiWy,, 3-HPA, Cu?* at the same pmol). (c) -OH-trapping photoluminescence
spectra (0.5 mmol/L of TA, 0.5 mg/mL of 1, 5mmol/L of H,0,). (d) Proposed mecha-
nism of phenol catalyzed by 1.

When only H,0,, 1, SiWy,, 3-HPA, or Cu?* were added into the
system, no obvious pink color was observed by naked eyes, and the
UV-vis peak at 503 nm did not increase obviously, indicating that
oxidative coupling reaction did not occur. The above phenomena
indicated that 1 as a peroxidase mimic, could catalyze the H,0,
reaction of phenol and 4-AAP to form quinoneimine. In addition,
the same molar mass of 1, SiW;,, 3-HPA and Cu?t were used in
the system of phenol, 4-AAP and H,0,, the UV absorption peak
was measured at 503 nm. The absorbance follows the order of 1
> Cu?t > 3-HPA > SiW;, (Fig. 2b). The experimental results show
that the activity of 1 as peroxidase mainly comes from the coordi-
nation of Cu?* and 3-HPA, and the increase of absorbance may be
due to the synergistic effect of metal and 3-HPA.

In previous reports, hydroxyl radicals (-OH) were usually in-
volved in the reaction catalyzed by peroxidase mimetic. Therefore,
photoluminescence experiments were used to explore the mech-
anism of 1 as a peroxidase mimetic [33]. Since peroxidase gener-
ate -OH when carry out a catalytic reaction. Terephthalic acid (TA)
was selected as a fluorescence probe to identify hydroxyl group,
and carried out as follows: (I) TA; (II) TA and 1; (IIl) TA and H,0,;
(IV) TA, H,0, and 1 in a 5mL centrifuge tube and set the total
volume to 3mlL, react in the dark for 12h and centrifuge. Then,
the fluorescence spectrum of the mixed solution was detected at
an excitation wavelength of 326 nm. As shown in Fig. 2c, the fluo-
rescence test results show that III and IV both have an absorption
peak at 420nm, and IV is higher than III solution. The results in-
dicated that the peroxidase-like activity of 1 was mainly derived
from -OH generated by the decomposition of H,0,. -OH can take
electrons from the hydroxyl of phenols to produce quinone free
radicals due to the outstanding oxidation capacity. Subsequently,
the pink quinoneimine can be formed by the oxidative coupling of
4-AAP and quinone radicals (Fig. 2d) [43,44].

To make better use of the peroxidase activity of 1, a colori-
metric sensor for the quantitative analysis of phenolic pollutants
(phenol/4-chlorophenol/o-cresol/4-nitrophenol/phloroglucinol) was
designed. In order to make the best use of the phenol sensor
system, the experimental conditions were optimized in a certain
range. Similar to other reported enzyme mimics, the catalytic ef-
ficiency of 1 also depends on the amount of 4-AAP, pH, cata-
lyst and H,0,. The best experimental conditions were explored by
using phenol as a model. When the amount of 4-AAP is in the
range of 0.5-2 mg/mL, the absorbance is the strongest at 1.5 mg/mL
(Fig. 3a). Complex 1 exhibited peroxidase-like activity at acidic pH

Chinese Chemical Letters 35 (2024) 109148

—~
=
~

(b)

e
o

Absorbance
(4
=
Absorbance
°
$
L

0.2 \ 02{ @

0.5 1.0 15 20
Concentration of 4-AAP (mg/mL) pH

N

—~
o
-~
—~
=
~

@
e
o

Absorbance
N
Absorbance
o
b

e
o
N

L 3

*—a

e

0 . . ;
00 02 04 06 08 10 2 3 4 5 6 7
Concentration of catalyst (mg/mL) Concentration of H,0, (mmol/L)

Fig. 3. Effect of (a) concentration of 4-AAP, (b) pH, (c) concentration of catalyst, (d)

concentration of H,O, on the colorimetric quantification of phenol.

(a) (b) 45

phenol
0.1 mmol/L

“‘ 7o 8
| : 810
Og 5 e
| s 3 0.001 mmol/L
| 04 O S
| 0, & 2
Zos
i[,"""“ 0o T <
G
LAY
£ Y
Oy & A 0.0
//,,,) [ 400 500 600 700
2 Wavelength (nm)
@

121 y=8.8143x+0.2173
R*=0.97

0.2 d
\ .
0.0 T T T T T T
0.00 002 004 0.06 0.08 010

Concentration of phenol (mmol/L)

Fig. 4. (a) The absorbance (503 nm) changes of the phenol and 4-AAP system vs.
time. (b) UV-vis absorbance spectra of the colorimetric detection of phenol in the
1+ H,0,+4-AAP system. (c) Photographs of different concentration of phenol added
to the 1+ H;0,+4-AAP system. (d) The linear calibration curve for detection at var-
ied phenol concentrations.

conditions and maximum activity was achieved at pH 3 (Fig. 3b).
Meanwhile, the absorbance increases with the amount of catalyst
1 in the range of 0.1-1.0mg/mL (Fig. 3¢). Under the selected as-
say conditions, the absorbance is the strongest when the amount
of HyO0, is 4mmol/L (Fig. 3d). Therefore, the optimum condi-
tions for determination are as follows: the concentration of 4-AAP
is 1.5mg/mL, the pH value is 3, the concentration of catalyst is
0.1 mg/mL, and the concentration of H,0, is 4 mmol/L.

Under the optimal conditions, the absorbance was tested ev-
ery 5min, and the absorbance had no obvious change after 30 min
(Fig. 4a). Then, phenol of different concentrations was added to
3mL of solution containing 1 and 4-AAP, H,0, (Fig. 4b). With the
increase of phenol concentration, the color of the solution grad-
ually changed from colorless to a distinct pink (Fig. 4c). The ab-
sorbance and the phenol concentration show a linear relation-
ship over the range of 0.001-0.1 mmol/L (Fig. 4d). The limit of
detection (LOD) for phenol (S/N=3) was 0.36 pmol/L. As shown
in Table 1, the LOD of composite materials are in the range of
0.86-3.33 pmol/L [9,15,16,45]. The corresponding value of POM-
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Table 1
Comparative table for the detection of phenol using different enzyme mimics.

Catalysts Linear range (umol/L) LOD (umol/L) Ref.
HRP@H-ZIF-8-GOx 0-100 0.86 [45]
Fe304 NPs 1.67-1200 3.79 [16]
Fe;04/rGO/MOF 10-80 333 9]
Co-MOF-74 0.5-300 1.02 [15]
Co-POM 10-1000 1.32 [29]
1 1-100 0.36 This work
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Fig. 5. (a) Mott-Schottky plot of 1. (b) The VB-XPS of 1.

based complex is 1.32 pumol/L [33]. The LOD of 1 is apparently
lower than most of the enzyme mimetics that have been reported
as colorimetric detectors for phenol. The detection limits for 4-
chlorophenol, o-cresol, 4-nitrophenol and phloroglucinol were also
satisfying (1.89, 2.12, 1.67 and 5.02 pmol/L) (Figs. S5a-h in Sup-
porting information).

In order to verify the selectivity of phenol, the possible inter-
ference of coexisting species such as ethanol, acetone, NaCl and
2-ethylimidazole on phenolics was studied (Fig. S6a in Supporting
information). Add above substances to the 1+ H,0, +4-AAP sys-
tem, the color of the solution still colorless (Fig. S6b in Supporting
information). The influence of the above reactions on phenol is al-
most negligible, which shows that they have good anti-interference
performance in phenol analysis.

The method has been applied to the analysis of tap water
(Jinzhou), industrial discharge water (a petrochemical plant) and
lake water (Jinzhou, Bohai University). As shown in Table 2, the
range of the recoveries toward above three samples is 95%-105%,
and the corresponding RSDs were from 1.00% to 5.87% (n=3). The
concentration of phenol is proportional to the absorption intensity
with good linear relationship (Fig. S7 in Supporting information).
The above results indicated that the method was simple, reliable
and sensitive for the visual detection of phenol derivatives in wa-
ter environment.

In order to understand the photocatalytic performances of com-
plex 1 in detail, firstly, the photocatalytic activities of 1 were eval-
uated by measurement of UV-vis absorption spectrum (Fig. S8a in
Supporting information), the band gap energy (Eg) of 1 is 3.21eV,
which displays that 1 can be considered as a semiconductor mate-
rial (Fig. S8b in Supporting information) [46,47]. As is well known,
the Mott-Schottky (MS) electrochemical test can be used to ob-
tain the Fermi level (E;). As shown in Fig. 5a, the Fermi level E¢
is —0.63eV vs. Ag/AgCl (-0.43eV vs. NHE) and the MS curve fea-
tures positive slope. The above results show that 1 is a typical n-
type semiconductor. The gap between the E; and VB potentials of
1 was measured by the VB-XPS method, which is 2.41eV (2.17eV
vs. NHE) (Fig. 5b). Therefore, the VB of 1 is 1.74eV (vs. NHE) and
the corresponding CB is —1.47 eV (vs. NHE) combining the band gap
value (3.21eV).

Complex 1 was used as photocatalyst to degradate phenol un-
der visible light, and the removal efficiency is affected by various
reaction conditions, including the pH, molar ratio of H,O,/phenol,
amount of catalyst and concentration of phenol. Firstly, the pH
range of 1-14 was selected due to the wide pH range in wastew-
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ater. As shown in Fig. 6a, with the increase of pH, the removal ef-
ficiency of phenol by complex 1 reaches the maximum (96%) at
pH 7.5 in 100 min, and then it begins to decrease as pH contin-
ues to increase. The detected pH range (1-14) is apparently wider
than most reported materials (Table S5 in Supporting information)
[9,15,34]. The removal rate of phenol in 30 min is 65.8%, which is
apparently higher than that of reported POM-based complex (Ta-
ble S6 in Supporting information) [34]. As shown in Fig. 6b, the
most appropriate molar ratio of H,O,/phenol is 46:1 at pH 7.5. The
amount of catalyst is one of the key factors affecting the phenol
removal efficiency, as shown in Fig. 6¢, with the amount of 1 in-
crease from 2.5 mg to 20 mg, the phenol removal efficiency reached
the maximum at 5mg. In addition, 1 exhibits outstanding removal
ability for phenol solutions at the concentration of 200 mg/L and
400 mg/L. When the concentration is higher than 400 mg/L, the re-
moval ability for phenol presents a reduction trend (Fig. 6d). Based
on these results, we established the optimal photocatalytic degra-
dation conditions; phenol concentration (400 mg/L), pH (7.5), reac-
tion time (100 min), H,O,/phenol molar ratio (46:1) and catalyst 1
amount (5mg) are used for photocatalytic degradation of phenol
with the removal efficiency at 96%.

Fig. 7a shows the catalytic activity of complex 1 for phe-
nol degradation under the optimal catalytic condition. The reac-
tion kinetic of photocatalytic process is matched with the pseudo-
first-order mode corresponding to Langmuir-Hinshelwood model
[48,49], The color of the solution changed from pink to light yellow
as the photocatalytic process proceeded (Fig. S9 in Supporting in-
formation). The In(cy/c) and reaction times of phenol shows an ex-
cellent linear relationship with R% of 0.999 [50,51]. The appearance
rate constant and corresponding half-life of 1 for phenol is 0.0255
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Table 2
Results for the determination of the phenol in three water samples.
Sample Original amount (mmol/L)  Added (mmol/L) Found (mmol/L) Recovery (%) RSD (%)
1 2 3 1 2 3
Tap water N.D.2 0.002 0.0019 0.0021 0.0019 95.00 105.00 95.00 5.87
0.006 0.0062 0.0058 0.0061 103.30 96.67 101.67 3.44
0.01 0.0099 0.0101 0.0099 99.00 101.00 99.00 1.16
Industrial N.D.2 0.002 0.0021 0.0019 0.0020 105.00 95.00 100.00 5.00
discharge water 0.006 0.0057 0.0061 0.0058  95.00 101.67 96.67 3.55
0.01 0.0101 0.0099 0.0100 101.00 99.00 100.00 1.00
Lake water N.D.2 0.002 0.0019 0.0021 0.0021 95.00 105.00 105.00 5.68
0.006 0.0061 0.0057 0.0057 101.67 95.00 95.00 3.96
0.01 0.0099 0.0101 0.0101 99.00 101.00 101.00 1.15

2 N.D., not detected.
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Fig. 8. (a) The removal efficiency of phenol after four cycles. (b) The XPS spectra
patterns of 1 before and after detection/photoreduction of phenol.
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Fig. 9. The phenol removal efficiency in the presence of different sacrificial agents
under visible light irradiation.

min~! and 27.18 min (Fig. 7b), respectively. And we also study the
catalytic activity of other starting material for phenol degradation
under the optimal catalytic condition (Fig. S10 in Supporting in-
formation). We found that the phenol removal efficiency of 3-HPA,
SiW;, and Cu®* are only 38%, 43%, 46%. The above results prove
that 1 is an efficient catalyst for the removal of phenol. Further-
more, the removal efficiency of phenol for complex 1 indicated no
apparent changes after four recycling experiments (Fig. 8a). The
XPS (Fig. 8b), PXRD (Fig. S11 in Supporting information) and IR
(Fig. S12 in Supporting information) before and after detection and
four times photocatalytic degradation reactions were not changed
obviously, indicating that 1 has good structural stability.

In order to study the mechanism of photocatalytic degradation
process, the reactive species trapping experiments were carried
out [52,53]. SN (silver nitrate, 0.01 mol/L), AO (ammonium oxalate,
0.01 mol/L), TBA (tert-butanol, 0.01 mol/L), and BQ (benzoquinone,
0.01 mol/L) were introduce to scavenge e”, h*, -OH, and -0,", the
removal efficiency of phenol decrease to 43%, 38%, 51% and 35%, re-
spectively (Fig. 9). The results show that the photocatalytic degra-
dation process of phenol is affected by e, h*, -OH, -0,~ together,
while -O,~ plays a major role.

As shown in Fig. 10, the mechanism of phenol photocat-
alytic degradation is explicated. The photogenerated electrons and
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Fig. 10. Catalytic mechanism of 1 in the phenol degradation process.

holes on the surface of 1 are separated under light irradia-
tion. The {[Cu(dap)(3-PA)],(H,0)}2* metal-organic units connect-
ing [SiW1,040]%", thus facilitate the electrons transfer between
[SiW12049]* fragments through {[Cu(dap)(3-PA)],(H,0)}** units.
This impetus can prevent from recombining electron-hole. Sub-
sequently, the interplay between photogenerated electrons and
oxygen molecules could to generate superoxide radicals, which
can oxidize phenols to produce water and carbon dioxide. Mean-
while, the photogenerated holes and phenols directly response
to the form products. The reduced [SiW;,049]* can be rapidly
re-oxygenated in the presence of O, to enter the next cycle
[23,54,55].

In this paper, a new keggin-type POMOC was successfully syn-
thesized and acted as a bifunctional catalyst to detect and de-
grade phenol. The results display that complex 1 is an excellent
colorimetric detector with the detection limit (LOD) of 0.36, 1.89,
2.12, 1.67 and 5.02 pmol/L (S/N =3) toward phenol, 4-chlorophenol,
o-cresol, 4-nitrophenol and phloroglucinol, possessing satisfactory
anti-interference. Moreover, complex 1 exhibits outstanding photo-
catalytic degradation activity toward phenol in the wide pH range
with the highest removal efficiency at 96% for 100 min at pH 7.5,
and the photocatalytic degradation process obeyed the pseudo-
first-order reaction kinetic with the appearance rate constant and
corresponding half-life of 0.0255 min~! and 27.18 min, respectively.
This work provides much stimulation to develop new POMOCs as
bifunctional catalysts to detect and degrade phenolic substances in
wastewater.
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