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a b s t r a c t

Organic dyes and pigments are common examples of pollutants that have been drained to water re-
sources. Subsequently, chemists searched for novel and efficient adsorbents for treatment of sewage
water from coloring compounds. Conjugated microporous polymers (CMPs), which displayed high
Brunauer Emmett and Teller (BET) surface area and porous morphology, beside other unique merits,
solve this challenging situation by consuming dye molecules into their large and permanent pores, and
degrading them in the presence of light. In this paper, we adopt a designed synthesis of new thiazolyl-
linked CMPs containing bicarbazole, bifluorenylidene, and biphenylethene building blocks, namely: BC-
TT, BF-TT, and BIPE-TT CMPs, respectively. All the common characterizations including chemical, physical,
and photophysical were conducted for the as-synthesized CMPs. In addition to their significant surface
areas that reach 522 m2/g and maximum pore volumes (up to 0.50 cm3/g), they possessed good thermal
stabilities with the highest values (degradation temperature ¼ 460 �C; char yield ¼ 67 wt%). Further-
more, the produced polymers have been proven to have adsorption capability as well as photocatalytic
degradation for both Rhodamine B (RhB) and methylene blue (MB) dyes. BC-TT CMP exhibited the
highest adsorption efficiency among others toward the RhB dye with a capacity of 228.83 mg/g, as well as
the maximum performance for MB dye uptake (up to 232.02 mg/g). After measuring the photocatalytic
degradation of dyes using these CMPs, BC-TT-CMP also showed the top value of catalytic efficiency at all,
either for RhB (rate constant: 2.5 � 10�2 min�1) or MB dye (rate constant: 3.5 � 10�2 min�1).

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

For the time being, chemical dyes and tinctures are vastly
applied by numerous industries (such as texture, leather, phar-
maceutical, cosmetic, and nutrition industries), and they aremainly
considered as one of water pollutants regarding their toxicity,
chemical stability, and difficulty of degradation [1,2]. Each year,
large quantities of coloring materials exceeding 7 � 105 tons in
weight are utilized worldwide, about 10e15% of which are drained
as effluents intowater sources, threatening human health as well as
.-W. Kuo), ahmedelmahdy@
many living organisms, fishing, and other life activities [3], due to
their carcinogenic, mutagenic, teratogenic, and toxic effects [4e7].
For example, many ailments including vomiting, diarrhea, and
inflammation were caused because of methylene blue (MB) dye
consumption; in addition, the level of inverse influence of MB in
rats was recorded as 50 mg/kg and greater [8]. Consequently,
various mechanisms either physical, chemical, or biological have
been improved for dyes elimination such as catalysis, adsorption,
sedimentation, membrane filtration, ion exchange, coagulation,
and biodegradation [9e12]. The adsorption technique is among the
most applied methods for sewage treatment [13,14]. Recently, a
new type of adsorbent materials called porous organic polymers
(POPs) have attracted attention, owing to their depressed skeletal
density, surface area elevation, synthetic routes flexibility, simple
functionalization, good thermal and physicochemical stability, and
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decreased cost [15e22]. Moreover, introducing specific functional
groups such as amino (eNH2) [23], hydroxyl (eOH) [24], sulfonic
acid (eSO3H) [25], and carboxyl (eCOOH) groups [26] into POPs has
been utilized specially in dye adsorption. Diverse types of POPs
have been reported and studied as porous aromatic frameworks
(PAFs) [27], conjugated microporous polymers (CMPs) [28e31],
covalent organic frameworks (COFs) [32e35], and others [36,37].

CMPs are a promising subcategorized kind of POPs that reign
lots of qualities over other POPs, such as large specific surface areas,
excellent stability, and good photophysical properties, in addition
to various applications ranging from those concerning to sustain-
able energy, such as batteries [38e40], thermoelectrics [41], sen-
sors [42,43], transistors [44e48], supercapacitors [49e51], and
light emitting diodes [52e55], to gas adsorption and separation
[56], hydrophobic separation [57,58], light harvesting [59,60], and
antibacterial applications [61]. Nowadays, photocatalysis is utilized
side by side with the physisorption technique in solving environ-
mental issues [62,63] to overcome some drawbacks of incomplete
degradation and restoration of conventional porous materials.
Photodegradation became one of the most recently used strategies
for removal of organic dyes from aqueous solutions [64]. Thiazolo
[5,4-d]thiazole is an important building block that has been used in
many applications due to its rigidity and aromaticity. Some de-
rivatives containing this core such as 2,5-bis(4-pyridyl)thiazolo
[5,4-d]thiazole were reported to possess high fluorescence prop-
erties [65]. Furthermore, fused thiazolo[5,4-d]thiazoles have
attracted other applications in organic semiconductors [66e69]
and optoelectronics [70,71]. In addition, CMPs linked by thiazolyl
[5,4-d]thiazole bridge have been used as adsorbents for CO2 gas
with a high selectivity [72] and in organic solar cells [73] and
photocatalysis [74].

In the presented work, we displayed the synthesis of new con-
jugated CMPs that were connected together with the thiazolyl[5,4-
d]thiazole knit, via the condensation reaction of dithiooxamide (TT)
with 4,40,400,4000-([9,90-bicarbazole]-3,30,6,60-tetrayl) tetrabenzalde-
hyde (BC-4CHO, Schemes S1 and S2); 4,40,400,4000-([9,90-bifluor-
enylidene]-3,30,6,60-tetrayl) tetrabenzaldehyde (BF-4CHO, Schemes
S3 and S4); and (E)-50,50000-(ethene-1,2-diyl)bis(([1000,10000:30000,100000-
terphenyl]-4,400-dicarbaldehyde)) (BIPE-4CHO, Schemes S5 and S6)
to afford BC-TT, BF-TT, and BIPE-TT CMPs, respectively, using
dimethyl formamide (DMF) as a solvent [Scheme 1 and S7-S9].
Many techniques have been utilized to emphasize and characterize
the physiochemical, photophysical, and morphological properties
of the produced thiazolyl-linked polymers including Fourier
transform infrared (FTIR) spectroscopy, ultraviolet (UV)-Visible
spectroscopy, photoluminescence (PL), solid-state 13C nulear mag-
netic resonance (NMR), thermogravimetric analysis (TGA), Bru-
nauer Emmett and Teller (BET), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). The reaction
yield was very good; also, the thermal stabilities measurements
were recorded with good performance. They have significant sur-
face areas that have been investigated before carrying out organic
dye adsorption and degradation. It is the first time to prepare and
utilize thiazolyl-linked CMPs in photodegradation application of
dyes, and the obtained date revealed that they have an excellent
ability of both conventional physisorption and photodegeneration
of Rhodamine B (RhB) and MB organic dyes in aqueous solutions.

2. Material and methods

2.1. Materials

All solvents and chemicals were obtained from commercial
suppliers and used as received unless otherwise noted. Carbazole
(>95%), N-bromosuccinimide (>99%), potassium permanganate
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(�99.0%), 4-formylphenylboronic acid (95%), 3,5-dibromoben
zaldehyde, dithiooxamide, potassium hydroxide, bromine, nitro-
benzene, titanium tetrachloride, zinc metal, and sulfuric acid were
ordered from Sigma-Aldrich. Tetrakis(triphenylphosphine)palla-
dium(0) (99%), was purchased from Acros, whereas phenanthrene-
9,10-dione and Lawesson's reagent were ordered from Alfa Aesar.
Ethanol was gained from Kelong Chemistry Reagent Co. Ltd.
(Chengdu, China).

2.2. Synthesis of (E)-50,50000-(ethene-1,2-diyl)bis(([1,10:30,100-
terphenyl]-4,400-dicarbaldehyde)) (BIPE-4CHO)

BIPE-4Br (0.76 g, 1.54 mmol), 4-formylphenylboronic acid
(1.85 g, 12.3 mmol), Pd(PPh3)4 (90.0 mg, 0.0780 mmol), and K2CO3
(2.13 g,15.4 mmol) were added in a two-neck flask and subjected to
vacuum for 15 min. Dioxane (50 mL) and H2O (8 mL) were added
and then the mixture was heated at 100 �C for 48 h. The solution
was poured into a stirred beaker filled with ice cubes and H2O. The
solid was separated using a suction filter, placed in a beaker, and
treated with a little MeOH; the mixture was heated until it boiled,
and then the solution was sonicated for 15 min. The undissolved
solid was separated using a suction filter, placed in a beaker, and
treated with a small amount of dichloromethane (DCM); heated
until it boiled, followed by sonication for 15 min. After suction
filtering, the undissolved solid was dried in an oven for 24 h to
obtain a gray solid (Yield, 79%).

2.3. General synthesis of BC-TT, BF-TT, and BIPE-TT CMPs

In a 25-mL Pyrex tube, a mixture of BC-4CHO, BF-4CHO, and
BIPE-4CHO (0.13 mmol) and TT (0.27 mmol) were evacuated for
15 min. Then, DMF (5 mL) was added and sonicated for 2 min.
Degassing of the mixture by three freezeepumpethaw cycles and
purging with N2 was carried out to remove the oxygen from the
system. The tubewas then heated at 140 �C for 48 h. After cooling to
room temperature (25 �C), the reaction mixture was centrifuged
and washed 3 times with DMF and three times with tetrahydro-
furan (THF) till a colorless solution was obtained. Finally, the ob-
tained precipitate was dried at 100 �C overnight under vacuum to
yield CMPs.

2.4. Photodegradation experiments

To exclude the decomposition of RhB and MB upon UV irradia-
tion, a >450-nm optical filter was set in front of the xenon lamp
light source (300 W) to cut off UV light and make sure that pho-
tocatalytic degradation is induced by visible light. The distance
between the liquid level and the filter is fixed at 6 cm. In a typical
photodegradation experiment, 7 mg of thiazolyl-linked CMPs (BC-
TT CMP, BF-TT CMP, BIPE-TT CMP) was added to 56 mL of RhB
dyeeaqueous solution (20mg/L for BC-TT CMP,10mg/L for both BF-
TT and BIPE-TT CMPs) and magnetically stirred with the rate of
800 rpm for 60 min in the dark for reaching the saturation of
adsorption of dye. After that, the mixture was illuminated with
visible light for another 3 h in the air. The suspensionwas separated
by centrifugation at different time intervals, and the centrifugation
time of each separationwas kept for 5 min at 12,000 rpm; then UV-
visible spectra was recorded with 1 cm cuvettes.

3. Results and discussions

3.1. CMPs synthesis and characterizations

Themajor goal of this work is to construct thiazolyl-linked CMPs
containing bicarbazole, bifluorenylidene, and diphenylethene
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structural units, as well as testing their performance toward dye
removal and photocatalytic degradation. The first and second
starting monomers 4,40,400,4000-([9,90-bicarbazole]-3,30,6,60-tetrayl)-
tetrabenz aldehyde (BC-4CHO) and 4,40,400,4000-([9,90-bifluor-
enylidene]-3,30,6,60-tetrayl)tetrabenz aldehyde (BF-4CHO), respec-
tively, have been synthesized according to the recently reported
literature of our group (Schemes S1eS4 and Figs. S1 and S2) [75,76].
The third building block (E)-50,50000-(ethene-1,2-diyl)bis(([1,10:30,100-
terphenyl]-4,400-dicarbaldehyde)) (BIPE-4CHO) was a new one that
has been prepared by the reductive coupling of 3,5-
dibromobenzaldehyde using Zn metal and TiCl4 in THF to yield
(E)-1,2-bis(3,5-dibromophenyl)ethene compound (BIPE-4Br)
(Scheme S5), which further reacted via Pd-catalyzed Suzuki
coupling with (4-formylphenyl)boronic acid in the presence of
K2CO3 in dioxane, producing the final derivative (Scheme S6).
Confirmation of the chemical structure of this novel monomer was
carried out using FTIR and NMR spectroscopy. From FTIR spec-
troscopy, one can notice the disappearance of the absorption band
Scheme 1. Synthetic scheme of the thiazolyl-l

Fig. 1. (A) Fourier transform infrared spectra of the as-prepared (a) BC-TT, (b) BF-TT, and (c)
spectroscopy of the produced (a) BC-TT, (b) BF-TT, and (c) BIPE-TT CMPs.
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at 624 cm�1 characteristic of CeBr bond and the apparition of other
two absorption bands at 1,693 and 2,850 cm�1, corresponding to
C]O and CeH formyl stretching bonds, respectively (Fig. S3). In
addition, 1H NMR spectrum represented a sharp singlet signal at
10.12 ppm featured to the formyl protons, a singlet signal at
7.81 ppm for C]C, and multiplet signals at 8.09, 8.15 ppm attrib-
uted to the phenyl protons (ArH) as well (Fig. S4). Furthermore, 13C
NMR spectrum of BIPE-4CHO had two signals centered at 126.11
and 193.85 ppm characteristics of C]C and formyl carbons,
respectively (Fig. S5). The targeted BC-TT CMP, BF-TT CMP, and
BIPE-TT CMP were obtained through the polymerization conden-
sation of the presynthesized monomers: BC-4CHO, BF-4CHO, and
BIPE-4CHO, respectively, with TT in the presence of DMF solvent, as
shown in Scheme 1. The cross-linking degrees of these CMPs were
physically confirmed by their difficulty of solubility in various
organic solvents such as methanol, ethanol, acetone, dimethyl
formamide, and tetrahydrofuran. The successful condensation of
the monomers with TT to provide the corresponding CMPs was
inked conjugated microporous polymers.

BIPE-TT conjugated microporous polymers (CMPs). (B) 13C nulear magnetic resonance
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emphasized by the utilization of FTIR and 13C-solid-state NMR
techniques. Infrared spectra for all the three novel CMPs
(Figs. S6eS8), BC-TT, BF-TT, and BIPE-TT, do not have the two
vibrational peaks characteristic of the C]O and formyl hydrogen at
1,698 and 2,821 cm�1, respectively, for BC-4CHO; at 1,693 and
2,858 cm�1, respectively, for BF-4CHO; and at 1,693 and 2,850 cm�1,
respectively, for BIPE-4CHO. Also, there is a complete disappear-
ance of absorption bands at 3,298, 3,211, 3,138, and 1,588 cm�1

attributed to NH2 and C]S stretching vibrations, respectively, of
the TT (Fig. 1A). On the other hand, new absorption bands corre-
sponding to the thiazole C]N and CeS stretching vibrations were
originated at 1,616 and 1,108 cm�1, respectively, for BC-TT CMP; at
1,616 and 1,115 cm�1, respectively, for BF-TT CMP; and at 1,616 and
1,113 cm�1, respectively, for BIPE-TT CMP. Moreover, the solid-state
13C NMR spectra represented ranged signals for the carbon nuclei of
benzene rings at 147.11e116.04, 149.09e114.43, and
146.92e116.79 ppm for BC-TT, BF-TT, and BIPE-TT CMPs, respec-
tively. Furthermore, additional signals existed at 177.22, 175.98,
177.48 ppm featuring C]N carbon for BC-TT, BF-TT, and BIPE-TT
CMPs, respectively (Fig. 1B). PowdereX ray diffraction analysis of
BC-TT, BF-TT, and BIPE-TT CMPs displayed no diffraction signals,
indicating the amorphous aggregated nature of all the polymers
(Fig. S9). TGA also confirms the complete chemical reaction be-
tween the monomers to yield thermally stable CMPs at higher
temperatures. Measuring TGA under an N2 atmosphere indicated
that BC-TT CMP has the maximum value of thermostability that
enabled it to be utilized in practical applications at elevated tem-
peratures, with a degradation temperature (Td10) and char yield
values of 460 �C and 67 wt%, respectively. In comparison, the BF-TT
Fig. 2. Nitrogen sorption curves and the corresponding pore size distribution of (a) BC-TT, (
microscope images of (d) BC-TT, (e) BF-TT, and (f) BIPE-TT CMPs; The corresponding TEM i
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CMP possessed an intermediate Td10. and char yield values of 414 �C
and 65 wt%, respectively; and BIPE-TT CMP owned the lowest
values and hence the down thermal stability up to 383 �C and 41 wt
%, respectively (Fig. S10 and Table S1).

With a view to evaluate both the BET surface areas and micro-
porous nature of the thiazolyl-linked CMPs, we applied depressed-
temperature nitrogen adsorptionedesorption isotherms. Prior to
measurements, the studied samples were degassed under vacuum
at 120 �C overnight. The typical isothermal curves obtained after
analysis can be distinguished according to International Union of
Pure and Applied Chemistry classification as isotherms with hys-
teresis of type H3 with apparent hysteresis loops confirming the
wide range of microporosity and mesoporosity of the produced
CMPs [Fig. 2(aec)] [77]. The surface areas, pore size, and pore
volumes deduced from the obtained isotherms are presented in
Table S2. The conjugated polymer bearing the carbazole unit (BC-TT
CMP) displayed the highest value of surface area up to 522 m2/g,
with considerable N2 adsorption at a low relative pressure, whereas
that of thiazolyl-linked polymers holding bifluorenylidene (BF-TT
CMP) and diphenylethylene (BIPE-TT CMP) moieties showed good
values of BET of 181 m2/g and 159 m2/g, respectively. The pore size
distribution of the tested frameworks is showed in (Fig. 2aec) in-
sets, in which BC-TT CMP mainly possessed microscaled and mes-
oscaled pores centered at 1.06e1.79 and 1.82e3.65 nm, which is
consistent with the predicted pore sizes (Scheme S7). Furthermore,
BF-TT CMP hadmicropores andmesopores at around 0.11e3.96 nm,
which is consistent with the predicted pore sizes (Scheme S8). The
BIPE-TT CMP possessed microscaled and mesoscaled pores
centered at 0.12e1.75 and 1.79e3.85 nm (Table S2), which is
b) BF-TT, and (c) BIPE-TT conjugated microporous polymers (CMPs); Scanning electron
mages of (g) BC-TT, (h) BF-TT, and (i) BIPE-TT CMPs.



Table 1
Photophysical properties of thiazolyl-linked polymers.

Polymer HOMO/LUMO (eV)a,b Bandgap (eV)c

BC-TT CMP �5.76/�3.49 2.27
BF-TT CMP �5.81/�4.71 1.10
BIPE-TT CMP �5.84/�3.99 1.85

CMP, conjugated microporous polymers; BC-TT, bicarbazol-thiazolyl polymer; BF-
TT, bifluorenylidene-thiazolyl polymer; BIPE-TT, biphenylethene-thiazolyl polymer;
HOMO, highest occupied molecular orbital; LUMO, lowest occupied molecular
orbital.

a HOMO calculated using photoelectron spectrometry.
b LUMO ¼ EHOMO � Eg.
c Bandgap calculated from Tauc plots.
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consistent with the predicted pore sizes (Scheme S9). These data
suggested that the as-synthesized conjugated polymers owned a
hierarchical pore structure, which could enhance the rate of mass
transfer and facilitate the penetration of dye particles into
thiazolyl-linked polymers, resulting in boosting their potential in
adsorption application. The total pore volume was estimated from
the N2 uptake at high relative pressure (P/P0 ¼ 0.99). The pore
volumes of BC-TT, BF-TT, and BIPE-TT CMPs were around
0.205e0.496, 0.054, and 0.041e0.047 cm3/g, respectively
(Table S2). The degree of p-p stacking between both of BF-TT and
BIPE-TT CMPs sheets is higher than that of BC-TT CMP; conse-
quently, their pore volumes and surface areas are lower than those
of BC-TT CMP. The higher packing degree may have originated from
the presence of the rigid double bond between the two fluorene
units in the BF-TT polymer and the double bond between the two
phenyl rings in the BIPE-TT polymer compared to the flexible single
bond attached the nitrogen atoms of the two carbazole moieties in
the BF-TT polymer [22].

Moreover, the porous characteristics of the CMPs were further
confirmed by performing both scanning electron microscope (SEM)
and transmission electron microscope (TEM) investigations. Start-
ing with SEM images that showed the existence of stacked sheets
for BC-TT CMP and rod-shaped aggregates for BF-TT CMP, in addi-
tion to spherical-shaped irregular particles for BIPE-TT CMP
(Fig. 2def). As the TEM images depict, they have the same
morphology mentioned previously for SEM, with nano-sheet
structures for CMP bearing carbazole building block. Also, the
bifluorenylidene-based polymer possessed microerod structures
with a diameter ranging from 0.25 mm to 0.48 mm, and the polymers
containing diphenylethylene moiety had spherical structures with
diameter values ranging from 71 nm to 250 nm [Figs. 2gei and S11].
Fig. 3. (a) Ultraviolet (UV)-visible diffuse absorption spectra of the conjugated microporous p
band structure of polymers; (d) Photoluminescence emission spectra of CMPs.
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3.2. Photophysical characterizations

The photophysical characterizations of the BC-TT, BF-TT and
BIPE-TT CMPs were recorded by the solid-state UV-visible diffuse
spectra. These polymers manifested broad visible light absorptions,
with the maximum absorption wavelengths being 460 nm for BC-
TT CMP, 272 nm for BF-TT CMP, and 276 nm for BIPE-TT CMP
(Fig. 3a). This indicates that the as-prepared polymers have the
great ability to harvest visible light for photocatalytic dye degra-
dation. The optical bandgaps (Eg) were determined using Tauc plots
being 2.27, 1.60, and 1.85 eV for BC-TT, BF-TT, and BIPE-TT CMPs,
respectively, as shown in Fig. 3b. Accordingly, we can tune the Eg
values by changing the donor units (BC, BF, BIPE). Comparison of
these values with the most utilized ZnO photocatalyst Eg value
(~3.45 eV) led to the fact that these polymers possess low optical
band gaps and hence are more eligible for charge transfer in-
teractions through the generated free radicals [78]. The highest
olymers (CMPs); (b) Tauc plots derived from the UVeVisible spectra; (c) The electronic
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occupied molecular orbital (HOMO) energy levels for all CMPs were
estimated using the photoelectron spectrometer. The lowest un-
occupied molecular orbital (LUMO) energy levels were calculated
using the following equation: ELUMO ¼ EHOMO þ Eg. As a result, the
HOMO and LUMO values of BC-TT, BF-TT, and BIPE-TT CMPs
were �5.76/�3.49 eV, �5.81/�4.71 eV, and �5.84/�3.99 eV,
respectively (Figs. 3c, S12 and Table 1).

The photoinduced electronehole pairs and their isolation and
migration are among the fundamentals of photocatalytic process
which can be measured using PL. As a law, the smaller the PL in-
tensity, the better the charge separation. Consequently, the BIPE-TT
CMP with the smallest PL intensity had the best efficiency of
electron and hole separation. The PL intensities decreased in the
following order: BIPE-TT CMP < BF-TT CMP < BC-TT CMP. The BC-TT
CMP with the highest absorption intensity showed a red shift to-
ward higher wavelengths (maximum wavelength up to 480 nm)
comparable to BF-TT and BIPE-TT CMPs, which have maximum
absorption bands at 425 and 435 nm, respectively (Fig. 3d). The PL
data were extra-confirming the possibility of polymers' applica-
tions as photocatalysts in the visible range region (380e700 nm).

3.3. Dye uptake and recycling efficiency

Our synthesized thiazolyl-linked CMPs possessed some remark-
able features, including high specific surface areas, large pores, nar-
row pore distribution, as well as the hydrophobic nature, which
enable them to be applied as adsorbents for organic contaminations
Fig. 4. (aec) Ultraviolet-Visible spectroscopy of Rhodamine B (RhB) dye solution at various
microporous polymers (CMPs); (d) adsorption rates of RhB organic dye from an aqueous so
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in water. Also, they had a conjugated structure and high electron
density located at nitrogen and sulfur atoms that facilitate the
attraction forces of small organic adsorbates [27]. In addition, the
presence of nitrogen atomswithin the porous polymeric frameworks
can enhance the dye uptake performance [76]. Therefore, the
application of these CMPs in water treatment from soluble organic
dyes asRhB and MB was investigated. After addition of a calculated
amount of thiazolyl-linked CMPs (5 mg), UV-visible spectroscopy of
the resultant solution was monitored at different time periods to
follow the dye adsorption process. Taking RhB dye as an example, it
was fully adsorbed in a short time by the BC-TT CMP, turning the
solution color fromdeep violet red to nearly colorless, while the CMP
became pink in color (Fig. 4d, insets). The dye uptake reached a
plateau so quickly after a period of 30 min as observed from the
intensity variation of the corresponding absorption peak at 554 nm
(Fig. 4a). The same manner was noticed also with MB dye solutions
onto BC-TT CMP, in which their absorption bands located at 664 nm
were followed, which represented a considerable lowering of peak
intensity with time evolution (Fig. 5a and d). The performance of RhB
dye adsorption onto BC-TT polymer has reached about 98%, after
30 min from starting of experiment, whereas the efficiency of MB
dye uptake reached 99.6% within 15 min. After 60 min, nearly a full
dye removal was accomplished (99% for both RhB and MB),
demonstrating our suggestion that the thiazolyl-linked CMPs under
study have the potential capacity of eliminating organic dyes from
polluted water. In comparison, within 1 h the percentage of RhB dye
removal for BF-TT and BIPE-TT CMPs were 82% and 97%, respectively
time intervals after the addition of the (a) BC-TT, (b) BF-TT, and (c) BIPE-TT conjugated
lution onto CMPs.



Fig. 5. (aec) Ultraviolet-Visible spectroscopy of methylene blue (MB) dye solution at various time intervals after the addition of the (a) BC-TT, (b) BF-TT, and (c) BIPE-TT conjugated
microporous polymers (CMPs); (d) adsorption rates of MB organic dye from an aqueous solution onto CMPs.
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(Fig. 4bed), whereas MB dye adsorption values were 99.2% and 85%
for BF-TT and BIPE-TT CMPs, respectively (Fig. 5bed). From the
previous data, one can conclude that the BF-TT CMP has a higher
efficiency than BIPE toward MB dye uptake (86% and 58% within
15min for BF-TTand BIPE-TT CMPs, respectively). On the other hand,
the BIPE-TT CMP has a greater activity than BF-TT CMP toward RhB
dye adsorption (84% and 67% after 15 min for BIPE-TT and BF-TT
CMPs, respectively). The experimental data confirm that many fac-
tors are responsible for the dye absorption efficacy such as BET
surface area and N and S content of the polymers, in addition to the
secondary interactions of the CMPs towards dye molecules. As a
result, the BC-TT CMP, which possessed the highest surface area
compared to the other CMPs (522 m2/g), recorded the best perfor-
mance for dye adsorption.Also, the greater the number of nitrogen
atoms, the more basicity of the resulting CMP surface, leading to
improving dye interactions toward CMP surfaces through secondary
chemical bonding. As a result, the top activity of dye uptake for the
BC-TT CMP was also related to this reason. Furthermore, the
adsorption effectiveness of the dye molecules was proved to be
directly proportional to the degree ofpep stacking interaction of the
adsorbent and adsorbate [79]. The BC-TT CMPwas shown to have the
strongest stacking between its carbazole units and the aromatic rings
of both RhB, and MB molecules, which translated to the highest ef-
ficiency for water purification from these dye impurities. Accord-
ingly, there are a higher number of dye molecules adsorbed on the
surface of the BC-TT CMP, which can absorb and interact with a large
7

extent of the incident light, leading to the highest photocatalytic
efficiency for dye degradation compared to the other synthesized
CMPs. Similarly, both BF-TTand BIPE-TT CMPs had the same nitrogen
and sulfur content and nearly identical pore volumes, but the former
one showed a better performance due to the highest surface area and
the presence of a considerable degree of stacking interactions in
comparison to the latter CMP.

The produced adsorption data were fitted against the Langmuir
model to investigate the adsorption manner of the used dyes on the
surface of CMPs [80]. The maximum capacities for RhB dye adsorp-
tion on the surface of BC-TT CMP, BF-TT CMP, and BIPE-TT CMP were
calculated to be 228.83, 97.47, and 170.65 mg/g, respectively
(Figs. S13 and S14 and Table S3). To verify the universality of our
thiazolyl-linked CMPs toward other organic dyes, the adsorption
experiment ofMBwas also tested. Similarly, the calculated top values
of adsorption capacities for MB were 232.02, 140.45, and 91.66 mg/g
corresponding to BC-TT, BF-TT, and BIPE-TT polymers, respectively
(Figs. S13 and S14 and Table S4). From these results, BC-TT CMP was
considered the outstanding candidate for removing either RhB orMB
from water (Table S5). In other words, the thiazolyl-linked CMP
containing carbazole building unit displayed superior removal effi-
ciency for water-soluble cationic organic dyes.

In our study, both RhB and MB organic dyes can be easily
adsorbed on the surface of adsorbent polymers through Van der
Waals force and acidebase interactions because our synthesized
polymers are rich in nitrogen and sulfur atoms [81,82]. By



Fig. 6. (aec) Ultraviolet-Visible spectroscopy for photocatalytic degradation of Rhodamine B (RhB) in water at different time intervals by (a) BC-TT, (b) BF-TT, and (c) BIPE-TT
conjugated microporous polymers (CMPs); (d) photocatalytic performance of CMPs for RhB dye degradation under visible light irradiation at different time; (e) comparison of
the efficiency of the CMPs for photocatalytic RhB degradation in aqueous solutions at various time; (f) Pseudo-first-order kinetic curves of photocatalytic degradation of RhB in
aqueous solutions.
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comparing the FTIR spectra of the thiazolyl-linked polymers before
and after the dye uptake, it is clear to notice that the characteristic
peaks of the resultant complex have slightly shifted after the dye
adsorption. For example, the characteristic peak of C]C stretching
vibrations of polymers has moved from 1,600, 1,600, and
1,598 cm�1 to 1,603, 1,603, and 1,601 cm�1 for BC-TT, BF-TT, and
BIPE-TT CMPs, respectively, after RhB dye adsorption. Also, the C]
O peak of RhB dye itself has shifted from 1,706 cm�1 to 1,735, 1,698,
and 1,743 cm�1 after adsorption on the surfaces of BC-TT, BF-TT, and
BIPE-TT CMPs, respectively (Figs. S15eS17). The same behavior was
observed also after MB dye adsorption, in which the C]C peak of
polymers was moved to 1,605, 1,603, and 1,608 cm�1 due to
adsorption on the surfaces of BC-TT, BF-TT, and BIPE-TT CMPs,
respectively (Figs. S18eS20).

3.4. Photocatalytic degradation

The adsorption and photodegradation behaviors of the CMPs
toward RhB and MB upon irradiation with visible light were tested,
and their data were displayed in Figs. S21 and S22. The small
bandgap, high surface area, and good porosity of BC-TT CMP
allowed the best photocatalytic efficiency, which was explored by
degradation of dyes. Owing to different adsorption abilities, various
concentrations of RhB and MB solutions were selected for BC-TT
CMP (20 mg/L), BF-TT CMP (10 mg/L), and BIPE-TT CMP (10 mg/
L). The photodegradation contributionwas very clear, which can be
distinguished from the normal physical adsorption in the absence
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of light. BC-TT CMP displayed the highest efficacy of photocatalytic
degradation of RhB and MB compared to all other thiazolyl-linked
CMPs. Within 135 min of visible light irradiation (>450 nm) in
the presence of BC-TT CMP, about 100% of RhB and 100% of MBwere
decomposed completely. This behavior was due to the highest
surface area (522 m2/g) and the suitable bandgap (2.27 eV) [83]. In
comparison, BF-TT and BIPE CMPs represented intermediate values
of RhB dye degradation up to 80% and 75%, respectively after the
same period, whereas MB dye degradation efficiencies were nearly
the same with a value of 66% for both BF-TT and BIPE-TT CMPs.

Another study was established through the combination of
conventional physisorption of RhB and MB organic dyes on the
surface of CMPs within 90 min, followed by the catalytic photo-
degradation of these dyes within the next 90 min (Figs. 6aed and
7aed). The obtained results indicated the highest photocatalytic
efficiency for the BC-TT CMP compared to both BF-TT and BIPE-TT
CMPs. The performance of photodegradation of BC-TT CMP for
RhB reaches 88.3% within a period of 90minwith a catalyst amount
of 0.5 g/L, which is more than those of BF-TT CMP (63.7%) and BIPE-
TT CMP (58%). The same behavior was also noticed for the photo-
catalytic MB degradation, inwhich BC-TT CMPwas the best catalyst
with a value of degradation of 96.2% in comparison to 74.7% and
50% for BF-TT and BIPE-TT CMPs, respectively, during 90 min with
the same catalyst dose (Figs. 6e and 7e).

To establish photodegradation kinetics of RhB and MB organic
dyes, the kinetic data of the photocatalytic reaction were fitted
using the LangmuireHinshelwood kinetics model (ln(C0/Ct) ¼ kt,



Fig. 7. (aec) Ultraviolet-Visible spectroscopy of photocatalytic degradation of methylene blue (MB) in water at different time intervals by (a) BC-TT, (b) BF-TT, and (c) BIPE-TT
conjugated microporous polymers (CMPs). (d) photocatalytic performance of CMPs for MB dye degradation under visible light irradiation at different time; (e) comparison of
the efficiency of the CMPs for photocatalytic MB degradation in aqueous solutions at various time; (f) Pseudo-first-order kinetic curves of photocatalytic degradation of MB in
aqueous solutions.
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where C0 and Ct are the concentrations of dye aqueous solution at
t ¼ 0 and t minutes of the photocatalytic reaction). Freundlich
isotherms were also used for experimental fitting and rate calcu-
lations. The obtained curves indicated the pseudo-first-order re-
action kinetics. BC-TT CMP demonstrated the highest catalytic
efficiency in the photodegradation of RhB with a reaction rate
constant of 2.5 � 10�2 min�1, which is 2.5-fold higher than those of
BF-TT CMP (1.1 � 10�2 min�1) and BIPE-TT CMP (1.0 � 10�2 min�1).
Similarly, the rate constant of BC-TT CMP for photocatalytic MB dye
degradation was 3.5 � 10�2 min�1, which is also higher than those
of BF-TT and BIPE-TT CMPs with values of 1.7 � 10�2 min�1 and
9 � 10�3 min�1, respectively. These results further confirm the
superior photocatalytic performance of our thiazolyl-linked CMPs
(Figs. 6f and 7f).

These efficiency values of dye degradation are competing those
of many reported porous organic polymers. For example, Zhao et al.
reported a facile fabrication of ultrathin two-dimensional covalent
organic nanosheets (2D-CONs) via direct polymerization of
monomers under ultrasonic treatment and a mild condition. The
as-prepared ultrathin CONs showed significant heterogeneous
photocatalytic efficacy for MB dye degradation. The triphe-
nylbenzene CON (P-CON) possessed higher degradation efficiency
with a reaction rate constant of 1.6 � 10�2 min�1, which was much
higher than that of the triphenylbenzene COF (P-COF) with a re-
action rate constant of 6.0 � 10�3 min�1 [84]. Also, our group has
synthesized pyrrolo[3,2-b]pyrrolyl-based CMPs (Py-CMPs) through
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a metal-free polycondensation of aryl aldehydes, aryl anilines, and
a b-diketone. Py-CMP-2 showed strong photocatalytic RhB degra-
dation, with a reaction rate constant of 3.4� 10�2 min�1, whichwas
greater than that of Py-CMP-1with a value of 2.0� 10�3 min�1 [64].
In addition, a range of phenyl- or thiophene-linked CTFs were
synthesized by Liu et al. that exhibited an excellent photo-
degradation ability to acidic and basic dyes as well without addition
of oxidant materials or pH adjustment. Particularly 3Ph-CTF was
found to have the best values either for photocatalytic RhB dye
degradation (with a reaction rate constant of 8.6 � 10�2 min�1) or
MB dye degradation (with a reaction rate constant of
3.0 � 10�2 min�1) [85].

The kinetics rate for the as-synthesized CMPs were further
confirmed by plotting ln(C0/Ct) against time, which revealed the
high kinetic rate of BC-TT CMP towards RhB and MB dyes' uptake
compared to those of BF-TT and BIPE-TT CMPs (Fig. S23). The
mechanism for photocatalytic degradation of organic dyes was
investigated using trapping experiments. The common reactive
species accepted for photocatalytic organic degradation are su-
peroxide radical (�O2�), hole (hþ), and hydroxyl radical (�OH)
[86,87]. p-Benzoquinone (BQ), methanol (MeOH), and isopropyl
alcohol were applied as scavengers for �O2�, hþ, and �OH, respec-
tively, to test their function in the photocatalysis process. The ob-
tained results demonstrated that the photodegradation efficiency
of BC-TT CMP for RhB dye decreased upon addition of these trap-
ping reagents (Figs. S24 and S25), confirming that �O2�, hþ, and �OH



Fig. 8. Influence of different scavengers (Methanol, Isopropanol, and p-benzoquinone) onto photodegradation of (a) Rhodamine B organic dye, and (b) methylene blue organic dye
over BC-TT conjugated microporous polymer under visible light irradiation for 60 min.
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all participated in the photocatalytic degradation. The same
behavior was noticed for the performance drop of BC-TT CMP to-
ward MB dye degradation with all the reactive species involved in
the process. Furthermore, a remarkable decrease of degradation
activity was recorded when BQ was used as a scavenger, with a
degradation efficiency of 21.95% for RhB dye and 42.5% for MB dye,
leading to the fact that the crucial trapping reactive species is �O2�

(Fig. 8). The recyclability of our thiazolyl-based CMPs was deter-
mined bymeasuring their FTIR spectra before and after RhB andMB
photodegradation. The results demonstrated that there are no
obvious changes either in the position or in the intensity of the
absorption bands of the polymers, confirming their stability and
reusability (Figs. S26eS28). Another experiment has been carried
out to confirm their stability by immersing the synthesized CMPs in
water and stirring for 48 h and then comparing their FTIR spectra
before and after the experiment. From the obtained results, one can
see that the position and intensity of all peaks are nearly the same
without any changes that prove their potential application in dye
uptake from water (Figs. S29eS31).

4. Conclusion

In conclusion, the three thiazolyl-linked CMPs have been easily
synthesized via Suzuki polycondensation with dual application of
both physisorption and photodegradation of organic dyes from
water. The as-prepared CMPs possessed a considerable degree of
porosity with BET surface area reaching 522 m2/g, as well as high
thermal stabilities as confirmed by the top value at Td10 ¼ 460 �C,
with the corresponding char yield value at 67%. BC-TT CMP was
shown to have superior efficiency compared to the other CMPs in
both physical adsorption and photodegradation of RhB and MB
dyes because of its higher surface area, nitrogen content, and nar-
rower bandgap as well. The highest adsorption efficiency was
shown by BC-TT CMP with capacity values of 228.83 mg/g and
232.02 mg/g, for RhB and MB dyes removal, respectively. Upon
measuring the photocatalytic degradation of dyes using these
CMPs, the BC-TT CMP also had the highest value of catalytic effi-
ciency of all, either for RhB dye (rate constant 2.5 � 10�2 min�1), or
MB dye (rate constant 3.5 � 10�2 min�1). Our current work was
from few examples in terms of removing soluble organic dyes from
water by using both adsorption and photodegradation strategies,
that demonstrate a new tactic ‘kill two birds with one stone’ for
developing effective porous polymers for water treatment.
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