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ABSTRACT: It is of great significance to develop new materials
for efficient capture cationic dyes methylene blue (MB) and
malachite green (MG). In this work, a novel triptycene-based
porous organic polymer with abundant thiol groups (TPP-SH) was
prepared successfully by postmodification with a high surface area
and robust triptycene-based porous organic polymer (TPP). The
obtained TPP-SH exhibited a high surface area, good porosity, and good thermal stability. In addition, TPP-SH was highly effective
at capturing MB and MG from aqueous solution because of the abundant thiols in its hierarchical structure. Under optimal
adsorption conditions, the maximum adsorption capacities of MB and MG calculated by the Langmuir model at room temperature
were 1146.3 and 689.6 mg g−1, respectively. These values are higher than those of many reported materials. The MB and MG
adsorption rates were 0.0154 and 6.69 × 10−4 mg g−1 min−1, respectively. Furthermore, the polymer TPP-SH had a good recycling
performance after adsorption−desorption at least five times. Therefore, the TPP-SH exhibited a high adsorption capacity, fast
adsorption kinetics, and easy-recycling behavior, providing a new avenue for the preparation of green functionalized adsorbents with
good performance for water decontamination.

1. INTRODUCTION
With the development of industry, most organic dye pollutants
from textiles, clothing, printing, and dyeing are discharged
directly or indirectly into water. If they are not treated, they
can cause harm to public health and damage to the ecosystem.1

There are a large number of technologies for the removal of
organic dye pollutants from wastewater, including adsorption,
photocatalysis, biodegradation, membrane filtration, etc.2−6

Among the various removal technologies, adsorption is
considered to be a very efficient method to capture those
ionic dyes because of its easy operation, low cost, and
recyclability.7,8 Many traditional porous materials, such as
activated carbon,9 lignin,10 zeolitic imidazole frameworks
(ZIFs),11 and metal−organic frameworks (MOFs)12 have
been extensively reported. However, these materials suffer
from low capacity, efficiency, and long times. To solve this
series of problems, it is of great significance and technical
challenge to design new adsorbents for efficient adsorption and
removal of ionic dyes.
As an emerging material, porous organic polymers (POPs)

not only have high specific surface area, rich pore structure,
and diversified synthesis methods,13,14 but also the surface
functional groups of adsorbents can change the acidity,
alkalinity, hydrophilicity, and hydrophobicity of adsorbents,
and can bond with the groups of organic dyes in water.15 It has
potential application prospect in treating dye-containing
wastewater.16,17 By introducing functional groups into the
porous structure, the adsorption performance of the material to
specific substances can be improved, which can be used to
design and construct highly efficient polymers.

The removal efficiency of organic dyes largely depends on
the functional groups on the surface of the adsorbent.18,19

Many kinds of amine group functionalized porous polymers
have been designed and developed to capture carbon
dioxide20,21 and support metal catalyst.22 Except for the
amine group, thiol group can also be functionalized on the
surface of the materials23,24 due to thiol groups involve the
bonding of 3s/3p hybrid orbital with larger sulfur to 1s orbital
with smaller hydrogen.25 There are also lone pair electrons on
sulfur, which can form insoluble thiol groups salt with some
heavy metal salts.26 Similarly, sulfonic acid groups function-
alized porous organic polymer also have good adsorption
relationship with cationic organic dyes because of lone pair
electrons on sulfur.27 However, to the best of our knowledge,
the application of thiol porous organic polymers in the removal
of organic dyes has not been reported.
In this study, a new type of triptycene-based porous organic

polymer (TPP) was prepared by using Suzuki coupling
reaction28 with three-dimensional bulk skeleton structure
triptycene. After modification, the thiol groups were evenly
distributed on the material skeleton, and a new type of thiol-
group-functionalized triptycene-based porous organic polymer
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(TPP-SH) was prepared. Then, a series of adsorption
experiments were carried out, including adsorption isotherms
and kinetics, the effect of pH, and regeneration of adsorbent
TPP-SH. The great adsorption kinetics, large adsorption
capacity, good reusability, and excellent stability make TPP-
SH an efficient and fast adsorbent for the removal of organic
dyes from aqueous solutions.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. All of the purchased

chemicals were of at least reagent grade and were used without
further purification. Triptycene (98.0%), concentrated nitric
acid, hydrazine tetrahydrate, 1,5-cyclodiene, N,N-dimethylfor-
mamide (DNF) solution, paraformaldehyde, and sulfur sodium
hydride were purchased from Sigma-Aldrich America.
Methylene blue and malachite green were purchased from
TCL America, and all other solvents were purchased from
Aladdin Chemical China.
2.2. Synthesis of Thiol-Functionalized Porous Organ-

ic Polymer (TPP-SH). The thiol-functionalized porous
organic polymer (TTP-SH) was afforded by functionalizing
star triptycene-based microporous polymer-II (STP-II).29 As
shown in Scheme 1, the polymer STP-II (200 mg) was added

to a solution of paraformaldehyde (1.0 g), acetic acid (6 mL),
phosphoric acid (3 mL) and concentrated hydrochloric acid
(20 mL). The mixture was then sealed and heated to 90 °C for
3 days. The collected solids were washed with water and
methanol and then dried under vacuum to produce yellow
TPP-1-CH2Cl solids. Subsequently, the obtained TPP-1-
CH2Cl was mixed with sodium hydrogen sulfide (NaHS, 1.2
g) in 100 mL of EtOH under a N2 atmosphere and stirred at
75 °C for 3 days. The precipitate was collected, washed with

water and methanol, and finally dried to obtain yellow powder
TPP-SH.

2.3. Instruments and Characterization. Transmission
electron microscope (TEM) and high-resolution transmission
electron microscope (HR-TEM) images were recorded on a
JEM-2100 transmission electron microscope. The morphology
of the samples was characterized using a Nova NanoS 450
field-emission scanning electron microscope (FE-SEM). The
powder samples were treated in ethanol using ultrasound for
20 min and were then dropped and dried on carbon-coated
copper grids. The powder X-ray diffraction (XRD) data were
collected on a D/Max2550 VB/PC diffractometer (40 kV, 200
mA) using Cu Kα radiation. The N2 adsorption desorption
isotherms were measured at 77 K using a volumetric
adsorption analyzer Micromeritics ASAP 2020. Before taking
the adsorption measurements, the samples were degassed at
120 °C for 24 h. The specific surface areas were calculated
using the Brunauer−Emmett−Teller (BET) method. The
element analysis was performed on an elemental analyzer
CHNS model (Thermo FLASH2000).

2.4. Adsorption Test. Organic Dye Adsorption. Two and
a half milligrams of TPP-SH was added to 5 mL of MB and
MG solution with an initial concentration of 1−1000 ppm
under mechanical shaker conditions at a predetermined
temperature (25, 35, 45 °C). After adsorption, the solution
was filtered with 0.22 μm microporous PTFE membrane. The
residual concentration of the dye was determined by UV−vis
spectroscopy at the maximum wavelength. The adsorption
capacity (qe) and removal percentage of dyes (R %) were
calculated by the following equations:
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C0 (mg L−1) represents the initial concentration of dyes. Ce
(mg L−1) and qe (mg g−1), respectively, represent the
concentration and adsorption capacity of dyes at equilibrium.

Desorption Experiments and Reusability of TPP-SH. Fifty
milligrams of porous polymer TPP-SH was added to the
solution of MB and MG with an initial concentration of 50
ppm. After 24 h of adsorption, the adsorbent powder

Scheme 1. Synthesis Route of Thiol-Functionalized Porous
Organic Polymer (TPP-SH)

Figure 1. (a) FT-IR spectra of TPP-SH; (b) solid-state 13C NMR spectra of TPP-SH.
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containing organic dye was washed with deionized water
several times and then mixed and stirred in 100 mL 0.1 M HCl
solution for 24 h to fully remove organic dye molecules. It was
then washed with 100 mL of 0.1 M NaOH solution to remove
the residual HCl. Finally, it was washed with ethanol and
deionized water and dried in a vacuum for the next adsorption
experiment.

3. RESULTS AND DISCUSSION

3.1. Characterization of TPP-SH. The structure of TPP-
SH was characterized by Fourier transform infrared spectros-
copy (FT-IR) and solid-state 13C NMR. The FT-IR spectra
(Figure 1a) of the TPP-SH show the characteristic band of S−
H at 2577 cm−130 compared with the pristine TPP.
Furthermore, solid-state 13C NMR confirmed the successful
attachment of −CH2SH groups to the phenyl rings in TPP. As
shown in Figure 1, the chemical shifts at 36.27 ppm can be
assigned to the −CH2SH carbon C6. And the chemical shifts δ
= 144.92, 141.81, 122.83, and 54.79 ppm can be assigned to
the aromatic carbon C2(C2′), C4, C3(C3′,C3″), and the
methylidyne bridge carbon C1(C1′), respectively. The content
of S in the TPP-SH was 24.1% (Figure S1), which played a key
role in the adsorption of dyes.
The morphology and crystalline nature of TPP-SH were

investigated by SEM, TEM, and XRD. As show in Figure 2a,
TPP-SH is composed of a spheroidal morphology with particle
size ∼100 nm, where is the same with the pristine TPP (Figure
S2). TEM image (Figure 2b) further gives the support to the

SEM results and HR-TEM images (Figure S3) show that TPP-
SH possess amorphous microporosity. In addition, without any
characteristic peaks in all XRD patterns (Figure S4a), it
strongly confirms the amorphous nature of microporous TPP-
SH. Thermal gravimetric analysis (TGA) shows that TPP-SH
is stable up to 200 °C (Figure S4b). The initial small weight
loss below 100 °C would be mainly caused by the release of
entrapped solvent or some small gaseous molecules in the
micropores. The obtained TPP-SH is insoluble in dilute
solutions of NaOH and HCl, as well as common organic
solvents, such as dichloromethane, acetone, methanol, THF,
and DMF, indicating good chemical stability of the TPP-SH
adsorbent polymer.
The surface area and porosity of TPP-SH was measured at

77 K using N2 adsorption−desorption isotherms. As shown in
Figure 3a, under low pressure (p/p0 < 0.1), the rapid increase
of N2 uptake indicates the existence of a large number of
micropores. The presence of a hysteresis loop in the pressure
region of p/p0 = 0.2−0.8 suggests a partial mesoporous
character. The hysteresis loop up to a relative pressure above
0.8 suggests the existence of macropores and interparticular
voids. The porous properties of TPP and TPP-SH are
summarized in (Table S1). The grafting of thiol groups leads
to a decrease in the Brunauer−Emmett−Teller (BET) surface
area from 919.7 for TPP to 607.1 m2 g−1 for TPP-SH. The
pore size distribution (PSD) calculated using the nonlocal
density functional theory (NL-DFT) methods (Figure 3b) also
confirmed the presence of primary micropore and a spot of
meso- and macropore, which may be a resulted of the intrinsic

Figure 2. (a) SEM image of TPP-SH; (b) TEM image of TPP-SH.

Figure 3. (a) N2 adsorption−desorption isotherm of TPP-SH (black) and TPP (red). (b) Pore size distribution of TPP-SH (black) and TPP (red).
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porosity and expanded networks of triptycenes. It is worth
noting that the PSD hardly changed after the grafting of thiol
groups.
3.2. pH Effect on the Adsorption of MB and MG on

TPP-SH. The pH of the solution environment can affect the
charge and stability of the adsorbents, which directly affects the
strength of the interaction force between the cationic dyes and
adsorbents. At the pHzpv (zero potential value), the surface
has zero net charge (Figure S5). When the pH value (pH <
pHzpv) is low, the adsorbents TPP-SH and TPP are
protonated, and there is electrostatic repulsion between
adsorbents and cationic dyes MB and MG, which may be an
important factor leading to small adsorption capacity. As the
pH value (pH > pHzpv) increases, the electrostatic repulsion
between the adsorbent and MB and MG decreases, so the
adsorption capacity increases. From the Figure 4, when the pH
reaches a certain value (pH 7), the adsorption capacity reaches
a plateau. Meanwhile, from Figure 4b, it can be seen that the
adsorption capacity of MB and MG on TPP-SH is much
higher than that of TPP (Table S2) because of the electrostatic
interaction between the group −SH and dyes. Hence, we
choose the above pH (pH 7) as experimental conditions when
we study adsorption kinetics, adsorption isotherms, and
thermodynamics.
3.3. Adsorption Kinetics of MB and MG on TPP-SH.

To evaluate the effectiveness of TPP-SH for removing MG and
MB from water, we investigated the effect of time on the
adsorption of MB and MG by TPP-SH. As shown in Figure 5a,

more than 99% of MB could be removed from water within 60
min. It is worth mentioning that the TPP-SH can capture MB
two times faster than it can capture MG ions. Considering the
great reliability to represent the kinetics for the adsorption of
dyes from aqueous solutions onto TPP-SH, the experimental
data were fitted with the pseudo-second-order kinetic model.
As shown in Figure 5b and Table 1, an extremely high

correlation coefficient (R2 > 0.999) can be obtained from a
pseudo-second-order dynamics model. This indicates that the
adsorption rate of TPP-SH adsorbent to organic dyes depends
on the availability of adsorption sites.

3.4. Adsorption Isotherms of MB and MG on TPP-SH.
The adsorption isotherms at three different temperatures (25−
45 °C) were studied. As shown in the Figure 6a, b, with the
increase in the initial concentration of MB and MG, the
adsorption capacity of MB and MG increased, indicating that
MB and MG adsorbed well on high concentration. The
experiment adsorption isotherms were fitted well with the
Langmuir model. This indicates that the active sites have the
same attraction to the adsorbates, which leads to a uniform

Figure 4. (a) pH effect on MB and MG adsorption performance on TPP-SH; (b) pH effect on MB and MG adsorption performance on TPP (MB
concentration, 100 ppm; and MG concentration, 50 ppm).

Figure 5. (a) Polymer TPP-SH adsorption dyes at different times; (b) plots of the pseudo-second-order kinetics for the adsorption of dyes (MB
concentration, 50 ppm; and MG concentration, 100 ppm).

Table 1. Pseudo-Second-Order Kinetic Parameters for the
Adsorption of MB and MG

dyes qe (expt) (mg g−1) qe (calcd) (mg g−1) k2 (g mg−1 min−1) R2

MG 201.34 203.25 6.69 × 10−4 0.999
MB 99.96 100.02 0.0154 0.999
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monolayer adsorption of dyes on the surface of TPP-SH.
Furthermore, the maximum adsorption capacity calculated by
the Langmuir model at room temperature is 1146.3 and 689.6
mg g−1, respectively, because the negative functional group
(−SH) can easily bind to cationic dyes through electrostatic
interaction. The maximum adsorption capacity of MG
increased from 1146.3 to 1434.2 mg g−1 and that of MB
increased from 689.6 to 1166.8 mg g−1 in the temperature
range from 25 to 45 °C. This indicates that the adsorption of
TPP-SH on MB and MG has an endothermic effect at high
temperature.31,32

From Table 2, the adsorption capacity of the TPP-SH
adsorbent for MB and MG both higher than that of reported

adsorbent polymers.33−40 The excellent adsorption property of
the novel polymer TPP-SH could be attributed to its large
specific surface area, rich porosity, and even functional groups
(−SH). Therefore, the polymer TPP-SH may be the most
promising adsorbent as an efficient alterative for dye removal.
3.5. Adsorption Thermodynamics of MB and MG on

TPP-SH. Adsorption isotherms have been used to study the
TPP-SH on different dyes at different temperatures. As shown
in Table 3 and Figure S6, ΔH > 0, ΔS > 0, and ΔG < 0,
indicating that TPP-SH adsorption of MG/MB is a
spontaneous endothermic and entropy increase reaction

process. It is consistent with the results of adsorption isotherm
experiments at different temperatures.

3.6. Desorption and Regeneration of TPP-SH. The pH
studies and adsorption isotherms suggested that TPP-SH is an
efficient MB and MG adsorbent because of its great porosity,
large surface area, and thiol-functionalized group. So, in the
study of the desorption process of TPP-SH on dyes, it was
found that the MB and MG can be desorbed from TPP-SH by
rinsing with hydrochloric acid. The desorption efficiency is up
to 95%. To demonstrate the reusability of the TPP-SH, we
repeated the adsorption−desorption cycle five times. As Figure
7 shows, During the adsorption−desorption cycle, the
adsorption capacity of TPP-SH does not change significantly.
The results show that the TPP-SH adsorbent is suitable for the
efficient removal of dyes from an aqueous solution.

Figure 6. (a) Adsorption isotherm of TPP-SH on MB; (b) adsorption isotherm of TPP-SH on MG.

Table 2. Comparison of the Maximum Equilibrium
Adsorption Capacity of the Dyes on Different Adsorbents at
Room Temperature

qmax of dyes (mg g−1)

adsorbents
BET

(m2 g−1) MB MG refs

MgO/graphene oxide
composite

172.7 171.90 1275 33

peanut-shell-based activated
carbon

170.4 - 306.06 34

monolithic activated carbon 566.49 299.52 - 35
ZIF-67 1445 5857.9 - 36
MCS 339 - 326.93 37
DT-POP 193 348.43 - 38
tannin-based magnetic POPs 110.7 1832 - 39
melamine-formaldehyde-
tartaric acid resin

23.4 60.6 - 40

TPP-SH 607.11 1146.3 689.6 This
work

Table 3. Thermodynamic Parameters of MB and MG on
TPP-SH

ΔG(KJ mol−1)

ΔH (KJ mol−1) ΔS (J mol−1) at 25 °C at 35 °C at 45 °C

MG 66.32 250.66 −8.34 −10.96 −13.35
MB 83.33 298.46 −5.55 −8.92 −11.15

Figure 7. TPP-SH reusability of MG (black) and MB (red).
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4. CONCLUSIONS

Novel triptycene-based porous organic polymers with abun-
dant thiol groups (TPP-SH) were synthesized successfully by
functionalizing a high-surface-area and robust triptycene-based
porous organic polymer (TPP). The TPP-SH was highly
effective in capturing MB and MG from aqueous solution. The
adsorption behaviors of MB and MG on TPP-SH are in
accordance with pseudo-second-order kinetics and fit the
Langmuir model. The maximum adsorption capacities of MB
and MG at room temperature were 1146.3 and 689.6 mg g−1,
respectively. Furthermore, the used TPP-SH could be
effectively recycled at least five times and there is no obvious
loss in adsorption capacity. Therefore, the TPP-SH has wide
application prospects in the field of water purification and
water treatment.
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(2) Maletic,́ M.; Vukcěvic,́ M.; Kalijadis, A.; Jankovic-́Častvan, I.;
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