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Iron(III) Porphyrin-Based Porous Material as
Photocatalyst for Highly Efficient and
Selective Degradation of Congo Red

Zhenyu Xiao, Yan Zhou, Xuelian Xin, Qinhui Zhang, Liangliang Zhang,

Rongming Wang, Daofeng Sun*

A highly efficient and selective photocatalyst, UPC-CMP-1 has been successfully synthe-
sized by a Sonogashira—Hagihara coupling reaction between iron(IIl) 5,10,15,20-tetrakis-(4’-
bromophenyl) porphine and 1,4-diethynylbenzene. The scanning electron microscopy shows
UPC-CMP-1 possesses a dendrite-like nanostructure. Inter-

estingly, within 120 s, UPC-CMP-1 can decompose 88.3% of
Congo red (CR) molecules under visible light irradiation. Fur-
thermore, UPC-CMP-1 exhibits high selectivity to CR over
other dyes. These results reveal that conjugated microporous
polymer should be an excellent candidate on the application

of dye degradation.

1. Introduction

Due to the generation of increasing amounts of wastewater
by industrial plants, organic pollutants have been consid-
ered as one of the greatest environmental pollutant source
in recent years. As one of the organic pollutants, organic
dyes are normally toxic and difficult to be biologically
degraded."?! Thus, effective reduce of the concentration
of organic dyes in wastewater is crucial to environmental
protection and human health. Although some wastewater
treatment technologies such as coagulation and adsorp-
tion are widely used in industries to separate organic dyes
from wastewater, these technologies cannot completely
destroy or degrade the organic dyes into less toxic organic
debris or inorganic CO, and H,0.!

Hence, the advanced oxidation processes (AOPs) such as
photocatalysis, Fention reaction, ozonation, etc. have been
considered as one of the most efficient technologies in the
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treatment of organic dyes, because these technologies can
efficiently degrade the organic dyes into less toxic mol-
ecules.[l In particular, the heterogeneous photocatalysis
technology has been received much attention of chemists
because of the low operating costs and high efficiency.
Actually, some semiconductor catalysts including TiO,,
ZnO, CdS, etc. were widely used in highly efficient degra-
dation of organic dyes in the past decade.l'®14%] Unfortu-
nately, one of the biggest drawbacks for these semicon-
ductor catalysts is their weak photostability under oper-
ating conditions. Furthermore, easy agglomeration and
difficulty in the post-separation of the catalysts have lim-
ited their practical application. Therefore, development of
new photocatalysts with high photostability is needed for
the highly efficient degradation of organic dyes.

Although a large number of metal-organic frameworks
(MOFs) as photocatalysts have been synthesized and
reported in recent years, the degradation efficiency and
photostability are somewhat low and limit their applica-
tion.ll Covalent-organic frameworks (COFs) or conjugated
micro- and mesoporous polymers (CMPs) are a new class
of porous materials that can be synthesized by common
organic reactions such as condensation reaction, Suzuki
coupling, Sonogashira coupling, etc, through which
organic units can be extended into periodic structures.[”]
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Normally, COFs or CMPs exhibit much higher thermal
and chemical stabilities than that of MOFs. Yaghi and co-
workers pioneered the synthesis and application of cova-
lent-organic frameworks based on condensation reaction.[]
Following that, numerous COFs or CMPs were synthesized
and their application were also extended from gas adsorp-
tion/separation to catalysis. Recently, Jiang et al. reported
CMPs based on metalloporphyrin polymers as a built-in
heterogeneous catalyst.['%] The preparation of magnetically
separable catalytic systems based on Fe-porphyrin CMP
was also reported by Son and co-workers.*!! Several other
CMPs based on porphyrin units and their properties were
also reported in the past decade.['?l However, study of Fe-
porphyrin CMP as photocatalyst in the application of dye
degradation is unexplored to date. Herein, we describe a
Fe-porphyrin-based CMP with highly efficient and selective
degradation of organic dyes.

2. Results and Discussion
Sonogashira—Hagihara coupling reaction between iron(III)
5,10,15,20-tetrakis-(4¢-bromophenyl) ~ porphine  and

1,4-diethynylbenzene resulted in the formation of a large
amount of precipitation. The crude product was washed
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with H,0, MeOH, THF, and CH,CL,, then further purified
by soxhlete extraction with H,0, MeOH, THF, and CH,Cl,
as solvents for 4 d to give UPC-CMP-1. Due to the exist-
ence of Fe3" ion with high-spin paramagnetic effect, char-
acterization of UPC-CMP-1 by the solid-state *H-13C CP/MS
failed. As the contrast, Fe-free porphyrin polymer (P-CMP)
was further synthesized and characterized by the solid-
state H-13C CP/MS. As shown in Figure S1 of the Sup-
porting Information, four remarkable broad peaks emerge
at 142, 132, 130, and 123 ppm which are assigned to the
phenylene moiety and porphyrin macrocycle. The weak
resonance peak at 90 ppm is attributed to the acetylene
group.[*l Both UPC-CMP-1 and P-CMP are insoluble in
water and common organic solvents.

In order to obtain UPC-CMP-1 material with larger
surface area, the synthetic condition was optimized by
changing the ratio of the starting materials, then the
surface areas of the resultant materials were checked by
nitrogen sorption isotherm measurements. The results
indicate that the sample synthesized with the molecule
ratio of 0.45 (Fe-porphyrin/1,4-diethynylbenzene) and
activated in 150 °C possesses better Brunauer-Emmett—
Teller (BET) and pore size distribution (Figure 5, Sup-
porting Information). As shown in Figure 1, when the
sample was activated at 150 °C for 6 h, it exhibits better
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I Figure 1. a) Synthetic route toward UPC-CMP-1 using iron(lll) 5,10,15, 20-tetrakis(4-bromophenyl)porphyrin and 1,4-diethynylbenzene as

building units. b) N, sorption isotherm. ) Pore size distribution.
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Figure 2. a,c) SEM images of the as-synthesized UPC-CMP-1 with different magnifications. b) FT-IR spectra of FeP (red) and UPC-CMP-1 (blue).

d) UV-vis absorption spectra of UPC-CMP-1.

pore size distribution. UPC-CMP-1 displays a typical Type-
IV nitrogen sorption isotherm with the BET surface area
of 416.4 m? g1, which is comparable to other FeP-CMP
materials. The UPC-CMP-1 has a centralized pore size
distribution, with the pore widths centering between 1.3
and 1.7 nm, as calculated by the Nonlocalized density
functional theory (NLDFT) method (Figure 1c). The total
volume calculated with nitrogen gas adsorbed at P/P, =
0.99 was 0.174 cm3 g2,

The morphology of UPC-CMP-1 was investigated by
the scanning electron microscopy (SEM). As shown in
Figure 2a, UPC-CMP-1 possesses a dendrite-like nano-
structure with the diameter size about 30-80 nm of each
branch, which is quite different from those reported
structure. The tangle and chiasma of those dendrite-like
nanostructures build the final organic particle (Figure 2c)
with the size about 30 um. The optical absorption prop-
erty of the as-synthesized product was determined
by UV-vis absorption spectra (Figure 3d), which show
strong response in the ultraviolet spectra region and
weak absorption tail in the visible region with a charac-
teristic excitation peak at O-band and Soret band. Based
on the band edge formula of ahv = A(hv — Ep)'/?, we can
get the band gap of UPC-CMP-1 being about 1.76 eV. The
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characteristic N-Fe in-plane bending at 964 cm™ appears
in the FT-IR spectrum (Fourier Transform infrared spec-
troscopy) of UPC-CMP-1, indicating the coordination of
iron. Moreover, the presence of alkyne's characteristic
bands at 2026 cm™ can be indicative of a successful cou-
pling reaction (Figure 2b).

Considering that UPC-CMP-1 exhibits better pore size
distribution with larger pore widths, as well as its color
character that can extend the photoresponse to the vis-
ible region, the photocatalytic degradation of organic
dyes by UPC-CMP-1 were carried out for the first time.
Before the experiments, the stability of the coordinated
Fe3" on the porphyrin core was checked by the cyclic
voltammogram (CV). As shown in Figure S2 of the Sup-
porting Information, the CV shows a reductive peak at
+0.35 V versus SCE and the corresponding oxidation peak
appears at +0.5 V versus SCE. This redox couple indicates
the Fe3*/Fe?* redox process. The consecutive scans overlap
each other, even with the first scan, represent excellent
stability on the electrode, as well as the coordination of
Fe3* in the UPC-CMP-1 structure. Furthermore, the same
experiment was carried out at 0.1 V s scan rate with
50 cycles (Figure S4, Supporting Information), still, no sign
of decreasing in peak current or shift in peak potential,
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indicates that no Fe ions were diffused in or out of the
UPC-CMP-1 structure during the redox process. The shift
of redox peak position compare with 0.02 V s7! scan rate
is reasonable due to the relatively slow electrode kinetics,
which may be due to the Nafion film or the less conduc-
tive UPC-CMP-1 structure. These results conclude that the
UPC-CMP-1 structure is stable during the redox process,
which indicates the long term durability of the material
in the redox catalytic reactions.

Because of the poor dispersibility of UPC-CMP-1 in
water solution, DMF was used as the solvent to test the
photocatalytic performance. As shown in Figure 3d, five
dye molecules including methyl orange (MO), Congo red
(CR), methyl red (MR), methyl violet (MV), rhodamine B
(RhB) were selected, in which MO and CR belong to ani-
onic dyes, MR are neutral dyes, whereas MV and RhB
are cationic dyes. The photocatalytic degradation experi-
ments were carried out under visible light irradiation.
Unexpectedly, UPC-CMP-1 material exhibits highly selec-
tivity in the degradation of dye molecules.

As shown in Figure 3, UPC-CMP-1 shows highly photo-
catalytic activity to CR molecule. As is known, the adsorp-
tion capacity for dye molecules is one of the key factors
for the enhancement of their catalytic degradation. As
shown in Figure S7 of the Supporting Information, UPC-
CMP-1 exhibits obvious adsorption of CR, which is ben-
eficial to the enhancement of photocatalytic activity.
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Figure 3. a) The change of UV-vis spectra for CR with the reaction time in the presence of UPC-CMP-1. b) The degradation curves of CR solu-
tion in dark, without photocatalyst and over different pH values under visible light irradiation. c) The normalized concentration of CR as a
function of reaction time in both logarithmic scale. d) Selective degradation of UPC-CMP-1 on different organic dyes.

Figure 3a shows the evolution of the absorption spectra
of CR with reaction time, which indicates that 88.3% of
CR molecules can be rapidly degraded within 120 s under
visible light irradiation in the presence of UPC-CMP-1.
The function of In(C/C,) versus reaction time (t) within
120 s displays a linear relationship (Figure 3c), indicating
that the reaction follows first-order kinetics with the rate
constant determined to be 17.5 x 103 s71. In contrast,
experiments without photocatalyst were also conducted
under the same conditions (Figure 3b) and the results
indicate that CR is quite stable toward incident light. For
other dye molecules such as RhB, MO, MR, and MV, only
3.2%, 4.5%, 9.6%, and 16.1%, respectively, were degraded
within 120 s under visible light irradiation in the pres-
ence of UPC-CMP-1, indicating the high selectivity of UPC-
CMP-1 on the degradation of dye molecules. Meanwhile,
zinc and cobalt porphyrin-based polymers have been
synthesized in similar condition, and the photocatalytic
degradation experiments for CR molecule were also inves-
tigated. The degradation efficiency of metal porphyrin-
based polymers follows Fe > Zn > Co (Figure 9, Supporting
Information).

It is reasonable that the charge of dye molecule will
significantly affect the photocatalyst degradation ratio.
Hence, the influence of pH value on the degradation of CR
molecule was studied. In the fresh solution (pH =11.3), CR
molecule exists in the form of negative bivalent anions.
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Content of CR

Thus, the In(C/C,) versus reaction time (t) within 120 s
can keep a linear relationship. When the pH value of CR
solution was changed to 4, the initial degradation rate
was obviously decreased. In the first 60 s, 62% of CR mol-
ecule could be degraded in pH = 11.3 solution, but only
11.2% of CR molecule were degraded in pH = 4.0 solution
(Figure 3b). Interestingly, with the increase of degradation
time, the degradation rate also increases in pH = 4.0 solu-
tion. To explain this phenomenon, the final pH value of
reaction system was measured, indicating that the alka-
linity of reaction solution was gradually up to pH = 10. As
the basicity increased, the negative charge of CR molecule
may be enhanced, which may be the key point that degra-
dation rate was improved.

Besides the degradation efficiency, the durability or
stability of a photocatalyst is also very important for prac-
tical application. Hence, we try to measure the cyclic deg-
radation experiments in DMF solution. However, we find
that it was difficult to collect the catalyst for catalysing a
new run. Hence, we chose EtOH with low density as the
solvent, in which the photocatalyst activity of UPC-CMP-1
is a little lower than that in DMF solution (Figure S8, Sup-
porting Information), to test the stability and durability
of the catalyst. After one reaction was completed, the cat-
alyst was collected (by centrifuging the solution) to cata-
lyze a new one. Figure 4a shows the degradation kinetics
of CR for 5 runs of reactions using the same batch of
photocatalyst. The results indicate that the photocatalytic
efficiency of UPC-CMP-1 slightly decreased, which may
due to the inevitable loss of catalyst during the recovery
process.

As is known, in the process of oxidative degradation of
dye molecule, «OH, h*, and 0% are supposed to be possible
reactive species. In order to further elucidate the involved
active species in the degradation reaction, p-benzoqui-
none (PBQ 5 x 10~3 m, scavenger for +O?") and NaHCOj; (10 x
10-3 m, scavenger for h* and adsorbed «OH) were selectively
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Figure 4. a) The degradation bar graph of CR solution for five successive reactions catalyzed with the same batch of UPC-CMP-1. b) Photo-
degradation kinetics of CR in UPC-CMP-1 DMF dispersion under visible light irradiation with different scavengers (10 x 1073 m NaHCO, and

introduced to the reaction system. As shown in Figure 4b,
the degradation of CR is significantly depressed by the
p-benzoquinone of the «0?" scavenger, leading to only 20%
degradation of CR after 240 s. However, the introduction
of HCO?*™ almost has no effect on the degradation process.
Hence, we can get that the reactive species in the degrada-
tion process is most likely to be «0%~.[4]

3. Conclusions

In summary, through Sonogashira—Hagihara coupling reac-
tion between iron(IIl) 5,10,15,20-tetrakis-(4’-bromophenyl)
porphine and 1,4-diethynylbenzene, an iron(III) porphyrin-
based conjugated microporous polymer, UPC-CMP-1, was
synthesized and characterized. UPC-CMP-1 exhibits highly
efficient and selective degradation of CR in DMF solution.
This is the first report on the conjugated microporous
polymer as photocatalysts in the application of dye degrada-
tion. Although the organic solvent used in the degradation
reaction may limit the practical application of UPC-CMP-1,
this work reveals that conjugated microporous polymer
should be an excellent candidate on the application of dye
degradation. Further study will focus on improving the dis-
persibility of UPC-CMP-1 in water phase to achieve the effi-
cient degradation of dye molecules in water solution.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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