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organic molecules of noria and aryl diamines. Noria-POP-1 displayed excellent adsorption capacity for

cationic dyes from water with selective removal ability. The adsorption experiments show that Noria-
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Introduction

Organic dyes have been paid attention because of their wide
applications in textiles, medicine, and paper and printing
industries, which is causing negative effects on the environ-
ment and human health. Currently, many methods are applied
to remove dye pollutants, such as photocatalytic degradation,*
membrane separation,™ electrochemical methods* and
adsorption.”® Comparatively, adsorption using porous mate-
rials is the most effective method to remove organic dye
pollutants with the advantages of simple operation, low cost
and fast speed.®* The use of traditional adsorbents such as
zeolites and activated carbons is restricted because of their poor
selective adsorption, low adsorption capacity and weak regen-
eration ability. Therefore, various porous materials with high
surface areas and tunable skeletons for dye adsorption have
been reported such as porous organic polymers (POPs)'*** and
metal-organic frameworks (MOFs).>*?° Although MOFs have
the advantages of rapid adsorption kinetics and high saturation
capacities, they still suffer from the drawbacks of water stability
in practical applications because of their labile metal-organic
coordination bonds, which can even be a potential source of
metal ion contamination. Compared with MOFs, POPs without
metal ions are constructed by covalent bonds and display good
chemical stability. Thus, POPs are considered to be good
candidates for dye removal from wastewater. Although POPs
have made great progress, the synthesis of new POPs with high

“Key Laboratory of Catalysis and Energy Materials Chemistry of Ministry of Education,
Hubei Key Laboratory of Catalysis and Materials Science, South-Central University for
Nationalities, Wuhan 430074, China. E-mail: zhengguoli2002@aliyun.com
*Department of Chemistry, Changchun Normal University, Changchun, 130032, P. R.
China. E-mail: hdxmguo@163.com

‘Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, State Key
Laboratory of Rare Earth Resource Utilization, China
(ESI) available. See DOI:

+ Electronic  supplementary information

10.1039/c9ra08490h

This journal is © The Royal Society of Chemistry 2020

adsorption capacity of 2434 mg g~

POP-1 displays a remarkable capability to selectively adsorb and separate methylene blue with an
, which is the highest value obtained so far for porous organic polymers.

adsorption capacity and fast adsorption kinetics for dye removal
is still an attractive but challenging task.

Recently, porous organic molecules (POMs)*3¢ with
intrinsic porosity have been reported as excellent candidates for
separation,®** and they can be used as a host for guest mole-
cules. Unlike materials with extended networks and frame-
works, POMs have no covalent bonds between isolated
molecules. POMs are usually soluble in common solvents,
which leads to difficulties in their separation and recycling. To
the best of our knowledge, the effective way to improve the
adsorption capacity of adsorbents is through an increment in
the adsorption sites. Therefore, we believe that new POP
materials with dye adsorption can be produced by the poly-
merization of porous organic molecules and other monomeric
moieties. Bearing the above-mentioned consideration in mind,
we have rationally fabricated Noria-POP-1 via the diazo-
coupling reaction of aryl diamines with noria (Fig. 1).*® In this
paper, we chose noria as one of the monomeric moieties based
on the following considerations: (1) according to previously
reported studies, noria can be easily synthesized in water, and
the raw materials for preparing noria are cheap and easy to
obtain;* (2) noria has a double-cyclic ladder-like structure with
twenty-four hydroxyl groups, six cavities on the side, and a large
hydrophobic central hole, due to which it can be used as a host
for dyes; (3) recently, hierarchically porous phenolic azopol-
ymers with free phenolic hydroxyl groups have been reported
with good adsorption capacity for dyes, which indicates that
Noria-POP-1 can be a potential dye adsorption material.>"*

Herein, we synthesized Noria-POP-1 in an aqueous solution
without any template under mild conditions. Although
numerous POPs have been reported for dye adsorption, very few
POPs based on porous organic molecules have been reported.
Recently, Trabolsi and co-workers reported a rich porous cova-
lent polycalix[4]arene material with the maximum adsorption
capacities of 625 and 484 mg g * for cationic organic methylene
blue (MB) and rhodamine B (RhB) dyes, respectively.*” In our
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Fig. 1 A schematic showing the synthesis of Noria-POP-1.

work, Noria-POP-1 displayed excellent adsorption capacity for
MB, and its selective dye removal ability was owing to a large
conjugated structure and abundant phenolic hydroxyl groups.
The adsorption capacity for MB is up to 2434 mg g~ ', which is
the highest value obtained for POPs so far. Isothermal adsorp-
tion analysis and kinetic analysis were carried out to study the
adsorption mechanism. The adsorption process for methylene
blue was very fast and could be completed in 2 min. In addition,
the adsorption capacities for rhodamine B (RhB) and neutral
red (NR) are better than most reported results. Since Noria-POP-
1 has high capacity, good stability and easy regeneration, we
anticipate that this new type of POP porous material will hold
great promise for the removal of dye contaminants from
polluted water.

Experimental
Materials and equipment

All reagents were commercial products of high purity and were
not further purified except noria, which was prepared according
to a previously reported method.*® Fourier transform infrared
(FT-IR) spectra were measured in the 4000-400 cm ' wave-
number range using a PerkinElmer model 580B IR spectro-
photometer with the KBr pellet technique. Thermogravimetric
analysis (TGA) was performed on an SDT2960 analyzer (Shi-
madzu, Japan) up to 750 °C at a heating rate of 10 °C min "
under N,. UV-Vis spectra were recorded on Agilent 8453. The
solid-state "*C cross-polarization/magic angle spinning nuclear
magnetic resonance (**C CP/MAS) NMR spectrum was recorded
on a Bruker SBAvance III 500 MHz spectrometer. Field-emission
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scanning electron microscopy (SEM) was performed on a JEOL
JSM-7800F microscope under an accelerating scanning voltage
of 3.0 kV. Surface area and pore size distribution of Noria-POP-1
were measured using nitrogen adsorption and desorption at 77
K on a Micromeritics ASAP2020 volumetric adsorption analyzer.

Synthesis of Noria-POP-1

The preparation of Noria-POP-1 requires two steps. First, 4,4'-
diaminobiphenyl (3 mmol) was added to a 500 ml round-
bottomed flask charged with 100 ml of deionized water and
1.5 ml of concentrated hydrochloric acid. Then the mixture was
stirred for 15 min under ice bath conditions; next, 30 ml of
aqueous solution of sodium nitrite (6.1 mmol) was added and
stirred for 30 min to completely convert the amino groups into
diazonium salts. Subsequently, the mixture was adjusted to
neutral pH by adding a dilute solution of Na,CO; and then
mixed with 100 ml of an aqueous solution of noria (1 mmol) and
Na,CO; (12 mmol) at 0-5 °C. After reacting for 24 hours, the
mixture was filtered, and the residue was washed with deion-
ized water, methanol and THF and then dried under vacuum at
80 °C for 12 hours.

Organic dye adsorption

The adsorption of dyes on Noria-POP-1 was carried out by
immersing 10 mg of Noria-POP-1 into a 20 ml solution con-
taining different concentrations of MO, AR1, MB, RhB and NR.
The concentration of the dye solution was measured by a UV-Vis
spectrophotometer. All experiments were carried out in tripli-
cate under the same conditions.

Effect of pH

In order to investigate the effect of pH on the adsorption of dyes
by Noria-POP-1, 10 mg of Noria-POP-1 was immersed in 20 ml
solution containing MB, RhB, and NR at different pH values and
stirred at room temperature for 24 hours (Noria-POP-1 was
stirred at room temperature for 6 hours while adsorbing the MB
solution at pH = 12). The pH of the solution was adjusted using
hydrochloric acid and sodium hydroxide.

Maximum adsorption amount experiment

The maximum adsorption amounts of MB and RhB were
measured at pH = 12. In a typical experiment, 10 mg of Noria-
POP-1 was soaked into a 20 ml solution containing different
concentrations of MB and RhB and stirred at room temperature
for 6 hours. The NR maximum adsorption amount was measured
using the same method at pH = 7. The concentration of the dye
solution was measured by a UV-Vis spectrophotometer.

Adsorption kinetics

The adsorption experiments were carried out as follows: 10 mg
of Noria-POP-1 was added to an aqueous solution of MB, RhB
and NR (20 ml, 50 ppm). Then, the mixture was stirred at room
temperature. The concentrations of the dyes at different time
intervals were monitored by a UV-Vis spectrophotometer.

This journal is © The Royal Society of Chemistry 2020
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Selective adsorption

An aqueous solution of MB (10 ml, 100 ppm) was mixed with
MO, AR1, and RhB (10 ml, 100 ppm) and stirred at room
temperature for 20 min. Then, we removed Noria-POP-1 from
the mixed solution by centrifugation. The supernatant was
analyzed using a UV-Vis spectrophotometer.

Desorption experiments and reusability

Ten mg of Noria-POP-1 was immersed in a 20 ml aqueous
solution of MB with pH = 12 and stirred 6 h. Then, the mixture
was centrifuged and the supernatant was collected; the
concentration of the dye in the solution was estimated by using
a UV-Vis spectrophotometer. The release of MB from Noria-POP-
1 was achieved by soaking the sorbents in an ethanol solution of
hydrochloric acid (0.1 mM). Then, the samples were dried
under vacuum at 80 °C for 12 h for the next cycle experiment.

Results and discussion

The reaction of noria and 4,4’-diaminobiphenyl at a molar ratio
of 1 : 3 in water at 0-5 °C afforded a black powder of Noria-POP-
1 with a high yield of 82%. The obtained Noria-POP-1 was
insoluble in any organic solvent. The synthesized Noria-POP-1
was characterized by solid-state cross-polarization magic angle
spinning (CP/MAS) *C NMR spectroscopy and Fourier-
transform infrared (FT-IR) spectroscopy. The *C NMR spec-
trum of Noria-POP-1 is shown in Fig. 2. As expected, two types of
carbon signals are observed. The signals in the range from 104
to 153 ppm are attributed to the aromatic carbons of Noria-POP-
1. Additionally, the weak signals at around 26-49 ppm corre-
spond to the methylene carbon atoms of Noria-POP-1. In the FT-
IR spectrum of Noria-POP-1, the asymmetric stretching vibra-
tion characteristic peak of the -N=N-double bond appears at
around 1390 cm ™" (Fig. S2 and S31). The broad absorption peak
at around 3416 cm ™ is attributed to the ~-OH stretching vibra-
tion, confirming the successful coupling reaction. TGA analysis
was carried out to study the thermal stability of Noria-POP-1,
and the results indicated that Noria-POP-1 could be thermally
stable up to 246 °C (Fig. S4t). Above 246 °C, the weight loss was
attributed to the decomposition of the framework. The first
weight loss (10.2%) was around 112 °C, which was assigned to
the weight loss of the solvent. As shown in Fig. S51, Noria-POP-1

126.84 e
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Fig. 2 The solid-state 3C-CP/MAS NMR spectrum of Noria-POP-1.
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demonstrates strong and broad absorption peaks in the UV-Vis
range from 200 to 800 nm, indicating its potential application in
photocatalysis.

As shown in Fig. 3, the morphology of Noria-POP-1 is
determined by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The SEM image shows that
Noria-POP-1 is composed of irregularly shaped tiny particles.
Energy dispersive X-ray (EDX) analysis was carried out to
determine the elemental composition of the material (Fig. S6
and Table S37).

The porosity information was obtained by nitrogen adsorp-
tion-desorption measurements at 77 K. Noria-POP-1 exhibited
type IV isotherms with low porosity, indicating the existence of
macropores between the particles. The BET surface area of
Noria-POP-1 was 1.8 m” g~ ', the pore size was 70 nm, and the
pore volume was 0.032 cm® g~ (Fig. S71). It was interesting to
compare Noria-POP-1 with previously reported HAzo-POPs
synthesized from tri/diphenols and 4,4’-diaminobiphenyl.?**¢
The common characteristic in both the materials is that both
the polymers have been synthesized based on a diazo-coupling
reaction without any template. Although the BET surface area
and pore volume of Noria-POP-1 were lower than those for
HAzo-POPs, the adsorption capacity of Noria-POP-1 for MB was
considerably higher than that of HAzo-POPs.

The as-prepared Noria-POP-1 was a jelly-like solid. After
vacuum drying and dehydration, the volume was drastically
reduced and it became a hard blocky solid, suggesting that the
pores of Noria-POP-1 shrank after dehydration. Recently, a few
nonporous organic solids with remarkable sorption behaviour
have been reported as ‘frustrated organic solids’, which have
been synthesized by removing the solvent molecules from the
structure. During the desolvation process, new porous materials
were formed, which could rapidly adsorb gases.****** Inspired
by the frustrated organic solids, we reason that the pores within
Noria-POP-1 were reformed during the process of going from
a desolvated form to a solvated form by absorbing water
molecules.

The above-mentioned results prove that water molecules can
form hydrogen bonds via -OH, supporting the pore structure.
The pores of Noria-POP-1 shrink and expand when it loses or
absorbs water, which may be the reason Noria-POP-1 with a low
BET surface area exhibits excellent dye adsorption. All these
results show that POPs constructed from POMs (noria) have
greater flexibility and adsorption capacity.

Fig. 3
POP-1.

(a) The SEM image of Noria-POP-1; (b) the TEM image of Noria-

RSC Adv, 2020, 10, 6185-6191 | 6187
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Fig. 4 Adsorption performance of Noria-POP-1 for dyes (MB, RhB,
and NR) at different pH values.

In order to elucidate the adsorption mechanism, five
different dyes (i.e., methyl orange (MO), acid red 1 (AR1),
rhodamine B (RhB), methylene blue (MB) and neutral red (NR))
with different sizes and charges were used to study the perfor-
mance of Noria-POP-1 as an adsorbent (Fig. 1). In the adsorp-
tion experiment, the adsorption capacities were calculated
based on the UV-Vis spectra of the supernatants. Noria-POP-1
displayed selective affinity toward cationic dyes (MB and RhB)
and neutral dye (NR), especially MB. Noria-POP-1 due to the
negative charges could not adsorb anionic dyes (MO and AR1) at
pH = 7. When the powder of Noria-POP-1 was added to the
aqueous solutions of anionic dyes (MO and AR1), the color of
the anionic solutions remained the same even after 20 minutes.
The UV-Vis spectral results were consistent with the color
observations (Fig. S8 and S97). These results indicate that Noria-
POP-1 can selectively adsorb cationic dyes, which was also
confirmed through selective adsorption experiments (Fig. 7).
The adsorption mechanism of cationic dyes likely involves
electrostatic interactions between Noria-POP-1 and the dye
molecules.

The adsorption capacities of Noria-POP-1 for dyes at
different pH values were investigated. The initial pH value can
not only change the surface charge of the adsorbent, but also
ionize the dyes. As shown in Fig. 4, the adsorption capacities of
Noria-POP-1 for MB and RhB increase with the increase in pH
(2.0-12.0), indicating that the adsorption of MB and RhB on
Noria-POP-1 is pH-dependent. On increasing the pH value, the
surface of Noria-POP-1 gains a more negative charge. For the
adsorption at pH = 7, the adsorption capacity of Noria-POP-1
for NR is 590 mg g™, which is much lower than the adsorp-
tion capacity of Noria-POP-1 for MB (1353 mg g '). In an alka-
line environment, NR is unstable; therefore, we did not measure
the adsorption capacities above pH = 7 (Fig. 4). As we know,
neutral NR and cationic MB have similar structures and sizes,
which indicate that electrostatic interactions contribute to the
selective adsorption of MB over NR.

At pH = 12, the adsorption capacities of Noria-POP-1 for MB
and RhB were the best and could reach 2434 and 855 mg g,
respectively. The experimental adsorption capacity of Noria-
POP-1 for MB reached up to 2434 mg g '; as far as we know,
this is the highest value for POPs reported so far (Table S47).
The ability of Noria-POP-1 to adsorb cationic MB is better than
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that for cationic RhB because RhB has a larger size than MB,
which indicates that the pores formed after water absorption
are more favorable for the adsorption of MB. All the results
demonstrate that the excellent adsorption capacity of Noria-
POP-1 for MB results from not only electrostatic interactions,
but also spatial selectivity.

To determine the adsorption capacity of Noria-POP-1 for MB,
NR and RhB, the adsorption isotherms of MB and RhB on
Noria-POP-1 were obtained at room temperature. Fig. 5a shows
that the adsorption capacity of Noria-POP-1 increases gradually
on increasing the initial concentrations of MB, NR and RhB
until reaching a plateau at C, = 2200 ppm for MB, C, = 450 ppm
for NR, and C, = 1600 ppm for RhB. In order to reveal the
adsorption isotherm mechanism, the adsorption isotherms
were studied using the Langmuir isotherm model and
Freundlich isotherm model (see ESIt). The fitting lines of the
Langmuir and Freundlich isotherms are shown in Fig. 5b and
S10,7 respectively. The correlation coefficients in the case of the
Langmuir isotherm model and the Freundlich isotherm model
are shown in Table S1.f The results showed that the linear
correlation coefficient of the Langmuir isotherm was higher
than that of the Freundlich isotherm. The linear correlation
coefficients (R *) of MB, NR and RhB were 0.9999, 0.9981, and
0.9984, respectively. These results indicated that the adsorption
of MB, RhB and NR on Noria-POP-1 was monolayer adsorption.

Adsorption kinetics is necessary to assess adsorption
performance. Herein, the MB dye was selected as a typical
sample. As shown in Fig. 6a, MB can be efficiently adsorbed by
Noria-POP-1 within 3 minutes at pH = 12. All the experimental
data were fitted with the pseudo-first-order and pseudo-second-
order equations (see ESIT). The correlation coefficients of the
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Fig. 5 (a) Adsorption isotherms of Noria-POP-1 for MB (pH = 12), RhB
(pH = 12), and NR (pH = 7); (b) Langmuir isotherm models of MB, RhB,
and NR on Noria-POP-1.
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Fig. 6 (a) The effect of contact time on the removal of MB; (b) the

pseudo-second-order model of Noria-POP-1 for MB.

pseudo-first-order and pseudo-second-order equations are
shown in Table S2.1 The results show that the adsorption of
dyes has a good linear relationship with the pseudo-second-
order kinetic model (Fig. S11-S15%). The linear correlation
coefficients (R”) of MB, NR and RhB were 0.9992, 0.9990, and
0.9960, respectively. The adsorption kinetic curves of the RhB
(at pH = 12) and NR (at pH = 7) dye solutions are shown in
Fig. S16 and S17,f respectively. The adsorption equilibrium
times for MB, NR and RhB are 2, 30, and 240 min, respectively.
The adsorption process of RhB was the slowest compared to
other adsorption processes, which showed that the adsorption
rate of Noria-POP-1 was dependent on the size of the guest
molecules. These experiments indicate that the pores of Noria-
POP-1 need more time to become larger after water absorption
so as to be suitable for RhB adsorption.

The results of adsorption isotherms and adsorption kinetics
prove that Noria-POP-1 has excellent adsorption capacity and
fast adsorption toward MB. In order to show its potential
application for MB adsorption in industries, we fabricated
a simple adsorption device (Fig. S181) and recorded a video (see
the ESI video filet), which showed that MB was immediately
adsorbed when the MB solution was filtered through this
simple device.

The competitive adsorption and separation of dyes were also
performed to investigate the selective adsorption ability of
Noria-POP-1 for MB. Fig. 7 shows that Noria-POP-1 can effi-
ciently separate MB from anionic dyes, which indicates that MO
and AR1 have no effect on the removal of MB. In the mixture of
MB and AR1, the decrease in the absorption peak at 530 nm is
due to the adsorption of MB by Noria-POP-1 (Fig. 7b and S197).
Noria-POP-1 can selectively separate MB from MO or AR1, which
proves that the main reason for the selective adsorption of MB
from the MO and AR1 mixture should be electrostatic

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Photographs and UV/Vis spectra of dye adsorption for evalu-
ating the selective adsorption capability of Noria-POP-1 toward MB
from mixed dyes: (a) MO and MB (solution: 100 ppm), (b) AR1 and MO
(solution: 100 ppm); (c) RhB and MB (solution: 100 ppm).

interaction. To further explore the selective adsorption of Noria-
POP-1, the experiments of selectively adsorbing MB and RhB
were carried out (Fig. 7c). The selective adsorption of MB from
the RhB mixture may be partly attributed to the pores of noria.
The pores of Noria-POP-1 were not enough to accommodate
RhB, which reduced the adsorption capacity and adsorption
speed of Noria-POP-1 for RhB. The competitive adsorption and
separation experiments indicated that the pores of noria were
also very important for the adsorption of dyes.

As Noria-POP-1 displayed excellent adsorption capacity for
the cationic organic dye MB and good stability in water,
regeneration experiments were carried out. The reusability of
Noria-POP-1 is very important for industrial applications. The
regeneration of Noria-POP-1 can be realized by the desorption
of MB in an acidic methanol solution and the subsequent
centrifugal separation. As shown in Fig. 8, the adsorption
capacity of the regenerated Noria-POP-1 does not decrease
significantly and is still 2068 mg g~ " even after five regeneration
cycles. We speculate that the slight decrease in the adsorption
capacity during the recycling experiment can be attributed to
the residual MB dye in Noria-POP-1. All the results prove that
the sorbent has good regeneration properties and stability.

Very recently, a new boron organic supramolecular framework
with high adsorption capacity (3250 mg ¢~ and 1388 mg g~ for
MB and RhB, respectively) has been reported by the Zhang
group.®* As far as we know, the adsorption capacity of Noria-POP-1
for MB is second only to that of the boron framework. Although

RSC Adv, 2020, 10, 6185-6191 | 6189
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Noria-POP-1 has lower adsorption capacity than the boron
framework, the raw materials used for the preparation of Noria-
POP-1 are cheaper, which enables its large-scale production in
industries. Meanwhile, the adsorption rate of Noria-POP-1 is
much faster than that for the boron framework. Another disad-
vantage of the boron framework is that it may cause secondary
pollution during the removal of dyes from water due to a large
amount of boron inside the framework.

Conclusions

In conclusion, a novel Noria-POP-1 material has been success-
fully synthesized by the simple polymerization of noria and aryl
diamines. This result indicates that new POP materials can be
expected by polymerizing noria with various aromatic poly-
amines. The adsorption experiments show that Noria-POP-1
displays remarkable capability to selectively adsorb and sepa-
rate the MB dye; the adsorption capacity is 2434 mg g™, and
this is among the highest values for POPs reported so far. More
importantly, the adsorption process for MB is very fast and
Noria-POP-1 can be reused with good adsorption capacity
(2068 mg g ') even after five cycles, which shows that Noria-
POP-1 has great potential applications in removing organic
dye pollutants from wastewater. In addition, the adsorption
capacities for RhB and NR are 855 mg g~ ' and 590 mg g,
respectively. The excellent performance of Noria-POP-1 provides
an effective strategy for the synthesis of new dye adsorbents,
which affords numerous possibilities for using various POMs as
the building units with a view to accessing more POP materials
for dye adsorption. All these studies are underway in our lab and
will be reported in the future.
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