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Based on a facile catalyst-free process using Schiff base chemistry, here, highly cross-linked porous
aminal networks in high yields (up to 90%) were rapidly prepared via microwave irradiation. The
polymer networks contained as high as 50 wt% of nitrogen (N), in situ doped with sulfur (S), with specific
surface areas of up to 301 m? g, and were also found to exhibit a solvent-based luminescence property.
Adsorption kinetics and isotherm studies demonstrated that the Hg>" removal by these polymers was
extremely rapid (90% being attained within 5 min for a 400 mg L' Hg?" solution) and highly efficient
(up to 1172 mg g~ 1). Particularly these materials also exhibited an excellent selectivity towards Hg>" over
other interfering ions (Cd**, Ni**, Zn?*, Cu?*, Co®*, Ca®*, Mn?* and Mg?"). Studies by FT-IR, Raman and
XPS spectra showed that all the N-containing groups (triazine ring, primary amine, and secondary

Mercury amine) as well as S-containing groups on the polymer matrix could be responsible for the Hg adsorption,
through the mechanism of surface complexation.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Porous organic polymers have been an appealing topic in the
scientific community in recent years mainly due to their wide
variety of applications such as gas storage, molecular separations,
heterogeneous catalysis, pollutants adsorption, etc. [1—3] They are
highly designable solid supports and the main potential advantage
is the synthetic diversity [4,5]. General methods for their synthesis
often rely on expensive, complex building blocks to be incorporated
into these emerging materials and/or require the use of costly noble
metal catalysts or strong Lewis acids catalysts [6]. Thus, the effec-
tive design and catalyst-free synthesis of new functional porous
polymers from simple, cheap and readily available molecular
monomer remains a challenging and important line of research in
polymer chemistry [7]. Triazines, especially melamines, that can
recognize other molecules by the donation and acceptance of
hydrogen bonds, metal chelation, and w—m interactions, have
proven their great potential in the rising areas of supramolecular
[8] and dendrimer [9] chemistry. Melamine (MA), 66% N by mass, is
a cheap and abundant triazine monomer used extensively in the
plastic, medicinal, decorative, and paper industries. It is also a good
candidate to be employed as raw material to prepare N-rich
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materials (i.e., carbon nitride and N enriched carbons) with weak
basic functionalities [10,11], which have a broad spectrum of
applications such as metal-free catalysis [12], adsorption of CO,
[13], supercapacitors [11], and other industrial processes. Specially,
the s-triazine ring with good stability and N functionality has
recently become a remarkable unit in porous polymer fabrication.
For example, studies on porous covalent triazine-based framework
(CTF), which is an excellent catalyst support for metal particles
exhibiting very high surface areas and high thermal and chemical
stability, have gained considerable momentum [7,14,15]. Until now,
however, the MA is seldom used as monomer to directly synthesize
porous polymer without fussy templates.

More recently, Schwab et al. developed a new class of high-
performance porous polymer networks, namely Schiff base
networks (SNW), with high surface area by condensation of MA
with several aromatic aldehydes through Schiff base chemistry in
dimethyl sulfoxide (DMSO) [16]. Surprisingly, the structure of the
polymer consists of aminal (—HN—C—NH—) networks instead of
imine (—C=N-), and the proposed mechanism is that the imine
double bond of the Schiff base subsequently attacked by primary
amines (—NH3), resulting exclusively in the generation of an ami-
nal. As far as we are aware, Schiff base chemistry is a novel chemical
approach in the synthesis of porous polymers, but the yield of the
products, which is an important parameter for estimating the
practical value of the method in potential applications, is only
61—66% with long reaction time (three days). Since the first report


mailto:hyhan@mail.hzau.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.10.052
http://dx.doi.org/10.1016/j.polymer.2010.10.052
http://dx.doi.org/10.1016/j.polymer.2010.10.052

6194 G. Yang et al. / Polymer 51 (2010) 6193—6202

in 1986, microwave irradiation that has advantages of energy
saving, high conversion, and rapidity has been a very popular tool
in organic and inorganic synthesis [17,18]. It is commonly used to
quickly optimize reactions, boost speed and yield, and enhance
product purities or material properties. DMSO, a typical dipolar
aprotic organic solvent with a high dielectric constant and known
to be microwave-friendly, can decompose relatively rapidly upon
reflux under microwaves without the aid of catalysts, and the main
decomposition products are sulfur derivatives, water and formal-
dehyde [19]. Thus, DMSO cannot only serve as a solvent, but also
provide a source of S and reducing agent [20].

Pollution caused by anthropogenic contaminants has become
aserious threat to the limited freshwater sources in the world. Hg, as
one of the most toxic heavy metals commonly found in aquatic
systems, can cause serious human disease, even at quite low
concentrations [21]. Though there have been various techniques to
treat Hg-contaminated waters, adsorption occupies a prominent
place, in such a way that the Hg can be cheaply and easily removed
[22]. Previous studies have shown that Hg ion tends to form stable
chelates with N- and S-containing functional groups, such as —NHy,
—NH—, —N=, —CN, —SR, —SH, and so on [21,23]. Many effective Hg
ion sorbents have been prepared by the immobilization of these
groups onto the surface of various solid matrixes, including activated
carbon [23,24], polymer [22,25—27], mesoporous silica [28], etc.
Among all the materials, polymer sorbents have recently attracted
more attention because of their larger adsorption capacity, higher
efficiency and easier preparation [29]. Nevertheless, the develop-
ment of new polymer sorbents for rapid, selective and effective
removal of aqueous Hg ion still remains a great challenge for both
industrial processing and environmental remediation.

Based on the above consideration, we rapidly synthesized
a series of N-rich polymer networks in good yields, in situ doped
with S (2—4 wt%), by a facile one-pot approach via microwave
irradiation without any catalysts. The structures and properties of
the resulting materials were systematically characterized by
various important techniques. Additionally, for the first time, the
potential applications of these polymer particles on the removal of
Hg®* have been investigated by static experiments and a possible
adsorption mechanism is proposed.

2. Experimental
2.1. Materials

Terephthalaldeyde (TA, 98%) was purchased from TCI (Tokyo,
Japan). MA (99.5%) was supplied from Tianjin Guangfu Fine Chemical
Research Institute (Tianjin, China). All other reagents of analytical grade
were purchased from Sinopharm Chemical Reagent Co. (Shanghai,
China) and used without further purification unless otherwise noted.
DMSO was dried and stored with molecular sieves (4 A). All solutions
were prepared with high-purity water (18.2 MQ cm).

2.2. Synthesis of SNW

The SNW polymers were synthesized at a fixed overall molar
concentration of 0.4 M and a constant volume of DMSO 20 ml. A
typical procedure for preparation of SNW-D particles was as
follows: MA (577 mg, 4.571 mmol), TA (460 mg, 3.429 mmol) and
DMSO (20 ml) were added to a dried 50 ml three-necked round-
bottom flask which was fitted with thermometer probe and
mechanical stirrer. After degassing by dry N, bubbling and forming
a clear solution, the mixture was heated to 180 °C for 4 h under
microwave irradiation using a maximum power of 300 W. The
resulting polymer precipitates were recovered by filtration and
washed extensively with excess acetone, THF and CH,Cl; to remove

non-reacted reactants and the decomposition products of DMSO
not bound to the networks. The solvent was removed under
vacuum at room temperature to afford the polymers as off-white
powders (see the Supporting Information).

2.3. Adsorption experiments

The adsorption of Hg>" onto SNW polymers was performed in
a batch experiment. It was carried out in a series of 50 ml glass
bottles containing 50.0 mg of the SNW particles and 25.0 ml of Hg
(NOs3), aqueous solution whose Hg?* concentration ranged from 1
to 60 mM. The bottles were sealed and shaken in an air bath (30 °C,
120 rpm). After shaking for a desired period, the solution was then
filtered and the concentration of Hg?* in the filtrate was analyzed
by Volhard titration at higher Hg?* concentration [21,30] or Cold
vapor atomic absorption spectrometer (CV-AAS) analysis at lower
Hg?* concentration (less than 50 mg L~!). The selectivity adsorp-
tion of the SNW for Hg?* was similar to the above procedure,
except the aqueous solution containing Hg?* and other ions. After
adsorption equilibrium, the concentration of Hg?* in the remaining
solution was measured by CV-AAS and various other ions concen-
tration was simultaneously analyzed by Inductive Coupled Plasma
Optical Emission Spectrometer (ICP-OES). The sample was diluted
with distilled water when the absorbance exceeded the range of
calibration curve. The adsorption capacity and the adsorptivity of
the adsorbent were calculated according to the equations [21].

2.4. Measurements

The solubility of the SNW was evaluated by the method pub-
lished by Li et al. [31] Elemental analyses were performed with
a Perkin—Elmer 2400 Series Il CHNS analyzer. UV/Vis adsorption
spectra were acquired on a Nicolet Evolution 300 UV/Vis spec-
trometer. Fluorescence spectra were conducted on a Perkin—Elmer
Model LS-55 luminescence spectrometer equipped with a 20 kW
xenon discharge lamp as a light source. Scanning electron micros-
copy (SEM) images were taken by a JEOL JSM-6700F field emission
scanning electron microscope. FT-IR spectra were collected on
a Nicolet Avatar-330 spectrometer with 4 cm ™! resolution using the
KBr pellet technique. Raman spectra were recorded by a Renishaw
inVia Raman spectrometer equipped with a He—Ne laser excitation
source operating at 633 nm. X-ray photoelectron spectra (XPS) were
measured by a Thermo VG Multilab 2000 spectrometer equipped
with a monochromatic Al Ko radiation source at room temperature.
Thermal gravimetric analysis (TGA) measurements were examined
using a NETZSH TG 209C thermobalance from room temperature to
800 °C and a heating rate of 10 K/min under N,. X-ray diffraction
(XRD) measurement was performed on a Rigaku D/MAX-rA
diffractometer with Cu Ko radiation (1 = 1.5406 A). N adsorption
experiments and micropore analysis were conducted at —196 °C
using an Autosorb-1 from Quantachrome Instruments. Before
adsorption measurements, the samples were degassed in vacuum
overnight at 150 °C. CV-AAS was performed on an F732-S instru-
ment (Shanghai Huaguang Machinery and Instrument Company,
China). ICP-OES was conducted on a Vista MPX Simultaneous ICP-
OES analyzer. 13C cross-polarization magic-angle spinning (CPMAS)
NMR spectra were recorded on a Varian InfinityPlus-400NMR
spectrometer equipped with a standard Chemagnetic magic-angle
spinning probe head, operating at 400.13 MHz for 'H and
100.25 MHz for 13C, respectively. Typically, about 50 mg sample was
packed into a 4 mm zirconium oxide rotor and spun at about 10 kHz
(£1 Hz). For the CPMAS NMR, the Hartmann-Hahn matching
condition was optimized using hexamethylbenzene (HMB). Contact
times were employed as 2 ms with the recycle delay of 2 s and proton
90° pulse length of 4.3 ps.
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3. Results
3.1. Synthesis of SNW

To achieve MA-based porous polymers with high N content
more efficiently, MA and TA have been used as monomers to
synthesize the SNW in a catalyst-free process under microwaves
through Schiff base chemistry. The synthetic route is outlined in
Scheme 1. It forms a clear solution at the beginning of the reaction
and then produces a great deal of precipitates quickly, affording off-
white powders as products. At the same reaction conditions, the
polymerization yield in this study (up to 90%, SNW-A, aldehyde is
excessive) is much higher than that of conventional synthesis
method [16]. Notably, non-reacted —NH, groups of the MA units
can react with formaldehyde provided by the microwave-assisted
thermal decomposition of DMSO to form methylol groups. Subse-
quently, these methylol groups can cross-link and two principle
linkages are possible during condensation, namely an ether linkage
or a methylene linkage, analogous to the cases observed from MA
resin (Scheme 2) [32—34]. Hence, it shows that three principle
linkages, including methine (—NH—CH—NH—) linkage, are formed
at lower TA/MA ratio. However, this contribution to the synthesis of
SNW at higher TA/MA ratio, if any, is very limited because the TA is
excessive. Actually, heating this solvent with the aid of various
catalysts is now an efficient alternative for the use of formaldehyde
in many cases [19,20].

3.2. Structure analysis of SNW

The elemental analysis (C, H, N and S) of the different SNW
samples is listed in Table 1. It can be seen that the nitrogen content
gradually increases from 39 to 52 wt% with declining the TA/MA
ratio from 2: 3 to 1: 7. Notably, the result also reveals a C/N atomic
ratio of 1.398 for SNW-A; this ratio gradually decreases with
increasing amount of MA, from 1.335 to 0.740 for SNW-B and SNW-
G, respectively, which implies that changing with monomer ratios
leads to a different polymer structure. To verify the proposed
structure in Scheme 1, we acquired FI-IR, *C NMR, Raman, and XPS
spectra analysis.

The FT-IR spectra of the monomers and the SNW with different
monomer molar ratios are given in Fig. S1 (Supporting
Information). As shown in Fig. S1a, the characteristic bands at
3419 and 3470 cm~! (—NH; stretching) and 1650 cm~! (—NH;
deformation) on the spectrum of MA represent the three —NH;
groups; and bands at 2870 (C—H stretching) and 1690 cm~! (C=0
stretching) on the spectrum of TA are attributable to the carbonyl
function of the aldehydes (—CHO). The absence or sharp decrease in
the intensity of these bands is an indication of a successful
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Scheme 2. A possible formation mechanism of methylene and ether linkages.

dehydration condensation reaction between the —CHO and —NH,
groups. As seen in Fig. S1b, the appearance of a broad and strong
band at around 3400 cm~! (characteristic stretching of free N—H) in
all samples, in addition to a band at 1150 cm™! owing to the C—N
stretching of secondary amine (—NH—), suggests a large number of
—NH— and —NH, groups in all the SNW polymers [31]. But minor
free hydroxyl groups and physisorbed water can also not be
excluded to be responsible for the band at 3400 cm™. The distinct
bands at 1563 and 1480 cm™~! (C=N vibrations of the s-triazine
ring) confirm the successful incorporation of triazine units into the
networks. Additionally, the absence of bands at 1613—1640 cm™!
(C=N stretching of azomethine) [35—37] indicates that aromatic
aldimine (Ar—C=N-—) does not exist on the surface of all the SNW
polymers.

Because of the poor solubility of SNW polymers in common
solvents, solid-state 3C CPMAS NMR is further utilized to charac-
terize the molecular structure (Fig. S2, Supporting Information). It
further confirms the absence of imine bonds on the surface of SNW
with no C=N resonance at 160 ppm [36,37]. The strong resonance
at 167 ppm corresponds to the aromatic carbons of the triazine ring.
The resonance peaks in the region of 120—142 ppm are correlated
to aromatic carbons of the benzene ring. The 40—70 ppm region
divides into two parts: (i) 60—70 ppm corresponding to carbon
atoms present in methoxy functions and (ii) 40—60 ppm corre-
sponding to carbon atoms in aminal units [33,38,39]. So we asser-
ted that an aminal-linked network instead of an imine-linked

NH —{‘f

N $ HN%\

0% . U DMSO HN%/
-0 Nﬁ/ —( NH2
NH MW, Reflux
2 HN
TA MA N=
i N
N
NH,

Scheme 1. The synthesis route used to prepare SNW polymers.
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Table 1
Chemical elemental analysis of the SNW polymers resulting from different TA/MA
molar ratios (180 °C, 4 h).

Samples TA/MA? Element analysis
C[wt%]  H[wts] N[wt%] S[wt] C/NP

SNW-A 3:2 46.46 4.50 38.76 3.34 1.398
SNW-B 3:4 45.50 4.42 39.76 3.73 1.335
SNW-C 3:5 46.25 451 4145 3.14 1.302
SNW-D 1:2 44.45 447 46.23 3.81 1.122
SNW-E 1:3 35.97 4.73 39.13 3.26 1.072
SNW-F 1:4 37.43 4.59 48.68 217 0.897
SNW-G 1:7 33.20 4.70 52.37 4.01 0.740

2 Monomer molar ratio.
b Atomic ratio.

network is generated exclusively, in good agreement with literature
data concerning the aminal [16,35,40]. A weak carbonyl peak is also
observed at 194 ppm, attributed to unreacted aldehyde groups.
Raman spectroscopy has been well recognized as a very
powerful technique for chemical and structural identification of MA
and MA-based resins [34,41]. It is also applied to further analyse the
molecular structure of the SNW (Fig. 1). Noticeable differences
between the Raman (as well as FT-IR) spectra of the monomers and
SNW samples indicate that the polymerization products are real
polymers containing the two-monomer units rather than a simple
complex or mixture of both monomers. The prominent peak at
676 cm~! (deformation of the triazine ring) which is the charac-
teristic peak of MA has been widely used as a marker to detect the
existence of free MA in the foods or materials [41,42]. The disap-
pearance of this peak could signify that there is no residual MA in
the SNW samples or its content is below the Raman detection limit.
Obviously, there is no trace of a band at 1650—1630 cm™!

Q
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13
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Fig. 1. (a) Raman spectra of the monomers, SNW-D and SNW-D-Hg (SNW-D equili-
brated with 6 mM Hg?* solution, pH = 2.3). (b) Raman spectra of SNW polymers
resulting from different TA/MA ratios.

(characteristic band of Ar—C=N-), which proves once again that
the imine groups does not exist on the surface of all SNW polymers
[35,43]. On the other hand, the band at 889 cm™! can be ascribed to
the C—N—C symmetric stretching of —NH— groups [43]. The other
two feeble bands at 1170 and 1690 cm~! can be described to
benzene ring skeleton vibration and C=O0 stretching, respectively.
All these apparent spectral changes agree with the formation of
aminal links between the MA and TA, and further illustrate the
effective cross-linking in the SNW polymers. The band intensities at
1609 and 1170 cm ™! (characteristic bands of benzene units), which
are strongly related with the cross-linking level of polymer,
increase with raising the TA/MA ratio of the sample (Fig. 1b),
proving a higher degree of benzene units in SNW.

XPS data can nicely support the FI-IR, 3C NMR and Raman data
and reveal the surface binding states and elemental speciation of
the SNW (Fig. 2). It is found that the SNW-D is comprised of C, N, O
and S elements (Fig. 2a), and the mass content of these elements is
given in Table 2. Peak fitting illustrates that C 1s of SNW-D (Fig. 2b)
can be grouped into three peaks at 287.7, 284.9 and 286.7 eV cor-
responding to carbon atoms in triazine ring, benzene ring and the
linkages (carbon atoms bonded to the more electronegative N or O
atoms), respectively, indicating a successful crosslinking between
the two monomers [32,44,45]. The N 1s peak at 398.8 eV (Fig. 2c)
can be fitted into three peaks from the following groups: triazine
groups ((=N—C) at 398.3 eV; —NH— groups at 399.8 eV; and —NH,
groups at 399.2 eV [13,32,44,46]. The weak peak for O 1s is due to
the minor O-containing groups (C—O—C, C—OH and C=0) as well
as adsorbed water and carbon dioxide. A detailed analysis of the
distribution of C and N species on SNW-D surfaces is shown in Table
S2 (Supporting Information). Noteworthily, the elemental compo-
sition of SNW-D in the inner part and in the surface layer is anal-
ogous, as can be inferred from a comparison of the C/N atomic ratio
determined by elemental analysis (1.122) and that calculated by
XPS (1.179); which indicates that the functional groups in the
samples are rather homogeneously distributed.

Another local structural technique that can provide information
complementary to the above data is XRD analysis (Fig. S3,
Supporting Information). All diffractograms exhibit three broad
diffraction peaks at the Bragg angle of approximately 21° (strong),
12° (medium) and 41° (weak), which reveals that the SNW poly-
mers are amorphous, quite different from the crystalline structure
of both monomers. These peaks become stronger with decreasing
the TA/MA ratio from 3: 2 to 1: 4, implying that the crystallinity
increases as increasing the amount of MA. This behaviour is due to
the high content of MA with more amine groups that are easy to
form hydrogen bonds between the MA-based molecules.

To investigate the microstructure of the SNW polymers, several
typical samples were characterized by SEM. The SEM image of
SNW-A (Fig. 3a) reveals a series of agglomerates of interconnected
imperfect-spherical nanoparticles confined within a continuous
pore network. SNW-B is formed out of irregular, aggregated micro-
and nanoparticles, and the porosity is mainly interstitial (Fig. 3b).
Contrastingly, SNW-D is composed of various irregular-shaped
microparticles, exhibiting an “eroded rock”-like surface with some
macropores in it (Fig. 3¢). These results lead to the conclusion that
higher concentrations of MA in the sample yield larger sized
particles. Moreover, these amorphous, irregular and loosely packed
nanostructures that are important in enhancing the accessibility of
adsorbates to reactive sites would be potential advantage in
adsorption of metal ions [31].

The N, adsorption—desorption isotherms (Fig. S4, Supporting
Information) were also used to elucidate the porous properties of
the SNW, and the analysis results are summarized in Table 3. The
adsorption isotherms show a steep gas uptake at low relative
pressures, which represents the presence of microporosity in the
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Fig. 2. XPS spectra of survey scan (a) and high-resolution scan of C 1s (b), N 1s (c) and Hg 4f (d) for SNW-D and SNW-D-Hg.

samples; and Horvarth-Kawazoe pore size distribution (Fig. S5,
Supporting Information) indicates that the micropore size is
mainly less than 1 nm. But the broad pore size distribution calcu-
lated from Barrett-Joyner-Haladan (BJH) model demonstrates that
all the networks lack uniform pore structures (data not shown). The
BJH average pore diameter is about 14 nm, pointing to lots of meso-
and macroporous structures in the samples. As expected,
decreasing TA/MA ratio from 2: 3 to 1: 4 results in a substantial
decrease of specific surface area from 301 to 133 m? g/, together
with the pore volume from 0.30 to 0.11 cm® g~! (Table 3), which
might be speculated as a result of more relative hydrogen bonds in
the high MA content networks. It can also be inferred that the
introduction of benzene spacer groups into the networks can
effectively enhance the porosity and surface area. Therefore, the
morphology and the surface area can be well tuned by varying the
molar ratios. It is noticeable that these values of surface area are
comparable to or greater than the recently described porous MA
resins prepared by soft templating [33], microemulsion [47] and
silica templating [44]. However, the specific surface area of SNW in
this work is much lower than those reported by Schwab et al. [16]
Though the microwave irradiation can boost the yield and speed of
the reaction, the reaction time in this paper is only 4 h which is
much shorter than 72 h in previous report. So the most likely reason
for the lower specific surface area is that the SNW in this paper
possess lower degree of crosslinking, and thus affords more
amine-terminated groups than that reported. And these amine

Table 2
Elemental binding energy and mass content of SNW-D before and after Hg sorption.
N 1s Cls S2p O 1s Hg 4f
SNW-D [eV] 398.82 286.45 164.36 531.6
SNW-D-Hg [eV] 399.19 286.33 165.65 532.4 101.88
SNW-D [wt%] 44.73 45.21 3.64 6.42
SNW-D-Hg [wt%] 2343 24.50 1.47 9.00 41.61

groups are easy to form hydrogen bonds between the MA-based
molecules, leading to the decrease in porosity as well as specific
surface area.

3.3. Properties of SNW

3.3.1. Solubility

The SNW polymers are totally insoluble in all organic solvents
tested, H,O, and alkaline solution, however, showing limited
solubility in inorganic strong acid solution (Table S1, Supporting
Information). They are all soluble in concentrated H,SO4 and
form a brown solution and exhibit gradually enhanced solubility in
HNOs; (3 M) and HySO4 (3 M) with raising MA content in the
sample, probably due to higher MA content of SNW with more free
amino groups that can interact with hydrogen ion. These obser-
vations prove that the materials can resist alkaline, acidic, and
solvents media, and largely maintain the original structure. Hence,
the SNW particles are allowed to be used as adsorbent or catalyst
support in complicated environment.

3.3.2. Thermal stability

TGA curves of the SNW polymers as well as monomers are
displayed in Fig. S6 (Supporting Information). The pure MA and TA
only shows one sharp mass loss at 310 and 160 °C, respectively,
which are significantly different from the SNW, proving once again
that the polymerization products are indeed genuine polymers
rather than a simple mixture of two monomers. The SNW polymers
exhibit a smaller weight-loss process before 300 °C, and then
a single major decomposition starting at a temperature above
400 °C. The first gradual mass loss can be related to out-gassing of
carbon dioxide, moisture and solvent trapped inside the polymers.
But the dehydration reaction between the minor methylol groups
upon heating can also contribute to this process. The second step in
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Fig. 3. SEM images of SNW-A (a), SNW-B (b), SNW-D (c) and SNW-D-Hg (d).

the TGA curve can be explained by the thermal degradation of MA
units or other advanced condensates. And this process of thermal
decomposition may be accompanied by a post-polycondensation
process, where the polymer —NH, and —CHO end groups continue
to react and water is expelled [48].

3.3.3. Photoluminescence (PL)

We also studied the PL properties of the SNW polymers. PL
spectra were recorded with an excitation wavelength of 386 nm
(Fig. S7, Supporting Information). The maximum emission wave-
length is 457 nm when dispersed in some solvents (e.g., H,O, DMF,
acetone, EtOH, THF and CH)Cl,). However, it produces green
luminescence with emission band at 494 nm when dispersed in
DMSO. Noteworthily, the PL properties of all these polymers are
similar, and the emission colors are all close to blue. The blue-white
fluorescence of the solid samples can also be seen under UV light
(365 nm) by naked eyes (Fig. S8d, Supporting Information). Inter-
estingly, the filtrate of the final products can also produce similar
fluorescence in different solvents (Fig. S8a—b, Supporting
Information), maybe owing to some polymers with low degree of

Table 3

Pore characteristics of the SNW polymers.
Samples  Sper[M?g7'1? Vipr [cm® g7'° Viicro [em® g 7' dp [nm]*
SNW-A 301 0.30 0.114 141
SNW-B 219 0.22 0.084 14.0
SNW-D 153 0.15 0.056 143
SNW-E 115 0.11 0.043 139

@ BET surface area.

b pore volume calculated from nitrogen adsorption at p/p® = 0.8.

¢ Micropore volume calculated from nitrogen adsorption at p/p® = 0.1.
d BJH average pore diameter calculated from desorption data.

crosslinking are still soluble in the filtrate after the reaction. It is
generally accepted in the literature that N incorporation plays a key
role in PL emission [49—51]; and that the PL properties of SNW may
correlate with the s-triazine units, which are in close resemblance
to that of carbon nitride [50] and polyamine [52].

3.4. Adsorption of Hg on SNW particles

3.4.1. Optimization of the TA/MA ratio for Hg°* adsorption

As shown in Fig. 4, the Hg?>" adsorption capacity and adsorp-
tivity on the SNW particles increase first and then decrease with
increasing MA content. Particularly, the SNW-C particles with MA
feed content of 62.5 mol% possess the maximal adsorption capacity
and adsorptivity up to 543 mg g ! and 90.4%, respectively. The
enhancement of adsorbability with increasing MA content from 40
to 62.5 mol% may be attributed to more MA molecules being
polymerized into the SNW polymers, affording more binding sites
for Hg?* on the surface. It is therefore reasonable to assume that the
coordination interaction of N atoms and Hg?* is an important factor
for the superior adsorption performance. Yet when the MA content
exceeds 62.5 mol%, the adsorbability decreases remarkably with
increasing MA content, which may be attributed to the decline of
the specific surface area (see Table 3). The low specific surface area
will allow limited surface sites for Hg?*, in accordance with liter-
ature [53]. In other words, both the specific surface area value and N
content can influence the adsorption of Hg?*; and the optimal
combination is at the 62.5 mol%. However, increasing the amount of
MA can reduce costs because TA monomer is more expensive than
MA. Consequently, the SNW-D with MA feed content of 66.7 mol%,
also exhibiting a high Hg?>* adsorbance (527 mg g !), will be
optimum for further Hg?* adsorption.
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Fig. 4. Variation of adsorption capacity and adsorptivity of Hg?* onto SNW particles
with MA feed content at initial Hg>* concentration of 6 mM in Hg(NOs), solution for
24 h.

3.4.2. Adsorption kinetics

The speed of adsorption of Hg?>* on SNW-D at initial concen-
tration of 2 mM and 10 mM is presented in Fig. 5. In 2 mM Hg?*
solution (Fig. 5a), instantaneous adsorption occurs within 2 min, for
which the adsorption capacity and adsorptivity reach up to

175 mg g~ ! and 87.5%, respectively. But the adsorption becomes
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Fig. 5. Effect of adsorption time on Hg?* adsorption onto SNW-D, at initial Hg

concentrations of 2 (a) and 10 mM (b) in Hg(NOs), solution. Inset: The pseudo-first-
order and pseudo-second-order plots of the adsorption data.

slow from 10 to 1500 min and more than 98% of Hg>" is removed
after 1440 min (24 h). In 10 mM Hg?* solution (Fig. 5b), 64% of Hg>*
is adsorbed within 30 min, and more than 80% of Hg?* is removed
after 24 h. It attains equilibrium with the adsorption capacity of
841 mg g~ ! and adsorptivity of 84% at the adsorption time of 48 h.
Thus, the adsorption rate is much faster at lower Hg>* concentra-
tion than at higher concentration. Apparently, high adsorption rates
are observed at the beginning of adsorption process (ca. < 10 min),
followed by a slow uptake (ca. 1-2 days) in both 2 mM and 10 mM
Hg solution. The rapid adsorption at the beginning is considered to
be the consequence of its unique properties of surface morphology
and the fast interaction between HgZ* and abundant N-containing
groups on the surface, while the slow uptake can be due to mul-
tisorption sites with different adsorption kinetics or due to slow
conversion from outer- to inner-sphere surface complexes [21,54].
These results are much faster than some commonly used Hg?*
sorbents [21,55—57], which require more time for 90% adsorption
of Hg?*. This unique character could make the SNW polymer
sorbents suitable for solid phase extraction or other applications
that require fast adsorption of Hg>".

In order to assess the kinetic mechanism that controls the
adsorption process, pseudo-first-order and pseudo-second-order
models were used [58]. The fitting results and kinetic parameters
are presented in Fig. 5 (inset) and Table 4, respectively. Based on the
obtained correlation coefficients, the pseudo-second-order equa-
tion is the model that furthered the best fit for the experimental
kinetic data, suggesting the Hg?* adsorption on SNW-D may be
a chemical process involving valence forces through sharing or
exchange of electrons between adsorbent and sorbate [58,59].

3.4.3. Adsorption isotherm

Adsorption isotherms can predict the adsorption efficiency and
potential of an adsorbent. For this reason, the adsorption isotherms
of Hg* for SNW were investigated (Fig. 6). At lower initial Hg?*
concentrations, especially in the range of 0—10 mM, it can be seen
clearly that the adsorption capacity of Hg ions rises significantly
with increasing initial concentrations, whereas the adsorptivity
declines. Finally at higher concentrations, the increase of adsorp-
tion capacity becomes very slow because the adsorption process
approaches saturation of the active binding sites gradually. The
highest adsorptivity achieved in this study is 98.9% at initial Hg?*
concentration of 1 mM. That is to say, almost all Hg?>* will be
adsorbed onto the SNW-D if the initial Hg?* concentration is lower
than 1 mM.

To estimate the best fitting model to the experimental data,
isotherms were modeled according to the Freundlich and Langmuir
equilibrium models [31]. It is evident from Fig. 6 (inset) and Table 4
that a more precise fit of isotherm data is shown by Langmuir
model, as in virtue of higher correlation coefficient than by
Freundlich model, implying that the Hg?>* adsorption on SNW-D
may be a monolayer adsorption. The maximum theoretical
adsorption capacities of Hg on SNW-D calculated from Langmuir
equation is 1165 mg g~ !, slightly lower than the experimental
maximum adsorbance of 1172 mg g . In addition, this adsorbance
of SNW-D is comparable to or better than other polymer sorbents,
which were widely described in the literatures [21,27,57,58].

3.4.4. Selective adsorption

To evaluate the selectivity of the SNW-D, competitive adsorp-
tion of Hg?* with other interfering cations, such as Cu**, Cd>*, Ni**,
Zn**, Co®*, Ca**, Mn**, and Mg?* was performed. In this set of
experiments, the initial concentration of each ion in the mixed
solution was fixed at 20 ppm. Fig. 7 displays the uptake of heavy
metal jons after 30 min contact time. It can be seen that only Hg?™ is
effectively removed by SNW-D(98.5%), while less than 5% of Ca®",
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Table 4
Kinetics and isotherm model equations for Hg?>* adsorption onto SNW-D based on the data in Figs. 5 and 6.
Mathematical model Hg?* [mM] Equation Correlation coefficient Qe,Qn[mgg'lorn k'[min'], h [mg g~' min~1],
Ko [Lmg™"] or K¢
Pseudo-1%-order 2 Log (Q. — Q) = —0.00231t + 1.3445 0.1730 Q. =199 k' = 0.005320
10 Log (Qe — Qt) = —0.000486¢ + 2.3119 0.9864 Q. = 851 k' =0.001119
Pseudo-2"9-order 2 t/Q; = 0.005060¢ + 0.01181 0.9999 Q. =198 h = 84.67
10 t/Q; = 0.001174t + 0.03945 0.9998 Q. =852 h =2535
Langmuir - Ce/Q. = 0.0008583C, + 0.1065 0.9974 Qm = 1165 K, = 0.00806
Freundlich - Log Q. = 0.2580 log C, + 2.1362 0.8349 n = 3.877 Kr=136.8

Mn?* and Mg?" ions are removed. About 15% of Cu®*, 13% of Cd?*,
8% of Ni** and Co?* and 7% of Zn?* are adsorbed by SNW. It proves
that the SNW-D can very selectively and effectively scavenge Hg
from wastewater, allowing the selective extraction of Hg?* from
complex mixtures. However, SNW-D cannot be expected to be
a specific adsorbent for Hg?*, because the electron donor is N atom.
This unexpected result may be attributed to an additional
complexation by the S-containing groups derived from the rapid
microwave-assisted decomposition of the DMSO [19] or to a certain
specific combination of N- and S-containing functional groups on
the polymer networks.

4. Discussion

Though the MA and MA-based materials (i.e., MF and modified-
MF organic resins) are filled with N lone-pair electrons which
thought to be potentially ideal sites for metal complexes, surpris-
ingly the coordination chemistry of these N ligands remains rarely
explored. This is mainly believed to be the results of the strong
rigidity of the N-heterocycle and the trend to form hydrogen bonds
between MA-based molecules [60]. So the observed strong
adsorption capability in the removal of Hg?>* on SNW polymers,
here, is an astonishing phenomenon, and it may be due to the
following factors: (i) the introduction of distinctive benzene spacer
groups, which may reduce the hydrogen bonds and hence activate
the numerous amine as well as triazine groups; (ii) the doping of
S-containing ligands that can strongly interact with Hg; (iii) the
special surface morphology and amorphous nanostructures with
intrinsic microporosity, which is very beneficial for adsorption of
heavy metal ions [61].

To identify the possible adsorption sites of Hg>* ions bonded to
the SNW, FT-IR, Raman and XPS spectra were obtained for SNW-D
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Fig. 6. Effect of initial Hg?* concentration on adsorption of Hg* on SNW-D particles in
Hg(NOs), solution for 24 h. Inset: Langmuir and Freundlich plots of the adsorption data
in the concentrations range from 0.5 to 60 mM.

before and after the Hg?" adsorption. From the FT-IR spectra of
SNW-D-Hg (Fig. S1a, Supporting Information), it can be seen that
the band at 3400 cm™~! red-shift to 3368 cm~! and bands at 1565
and 1480 cm™! get broader and red-shift to 1560 and 1460 cm ™,
respectively. In the Raman spectra (Fig. 1a), bands which can be
assigned to C—N stretching (889 cm™!) of the —~NH— groups as well
as to the ring breathing of the triazine ring (975 cm™1) are strongly
attenuated in the spectra of the SNW-D-Hg. These changes are most
probably caused by forming complex between SNW-D and Hg, with
more electrons delocalized extensively among vacant d orbit of Hg
and p orbit of N atoms [62]. Moreover, it is likely that all the N-
containing functional groups on the polymer matrix including
triazine ring, —NH; and —NH— groups could take part in the
complexation. The sharply peak at 1043 cm~! in Raman spectra as
well as the new strong sharp absorption peak of 1380 cm~! in FT-IR
spectra of SNW-D-Hg is identified to be nitrates (NO3), remaining
as charge-balancing anion in the complex [28]. It should be note
that the initial pH of Hg?* solutions in the adsorption experiments
is lower than 3 and thus the dominant Hg species is Hg?*. There-
fore, these observations agree with the formation of charged
complexes, according to the reports in the literature [28,63].
Strong Hg signals detected from the XPS survey spectrum of the
SNW-D-Hg (Fig. 2a) clearly confirm the adsorption of Hg, agreeing
well with the TGA results (Fig. S9, Supporting Information). The
binding energy of N 1s and S 2p on the SNW-D-Hg surface increases
slightly as compared with those on SNW (Table 2), which illumi-
nates that N and S atoms are electron donors during the Hg
adsorption and that the Hg adsorption on the SNW surface is likely
accomplished through the chemical coordination of Hg ions with N
and S atoms in the surface functional groups [23,64,65]. On the
other hand, with the appearance of Hg 4f and Hg 4d peaks after
Hg?* adsorption, the intensity of the N 1s peak is decreased
significantly, suggesting the strong interaction between Hg?* and N
[22]. As depicted in Fig. 2c, N 1s of SNW-D-Hg contains three more
new peaks than SNW at 407.0, 400.6, and 401.3 eV, which are linked
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Fig. 7. Selectivity of the SNW-D adsorbent for Hg?* in the mixture of different divalent
ions solution; Initial concentration of each ion: 20 ppm; pH = 4.2.
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to NO3, protonated —N"H, and —N*H— groups, respectively (for
details, Table S2, Supporting Information). Accordingly, the increase
of the O1s peak at about 532.4 eV after adsorption can mainly be
attributed to the NO3. The Hg 4f region (Fig. 2d) is comprised of two
peaks at 101.8 (Hg 4f 7/2) and 105.9 eV (Hg 4f 52), with a spin-orbit
splitting of 4.1 eV. The absence of Hg 4f 7, peaks lower than
100.6 eV, indicates that Hg® (binding energy around 99.8 eV) is not
present at the SNW-D surface [64,65]. Although the concentration
of S-containing ligands is low (2—4 wt% of S) for SNW, they may
also play a hugely important role in the Hg adsorption. For example,
the humic acid that contains low concentration of S-containing
ligands has been ascribed as the main binding sites in view of their
extremely high affinity toward Hg?* [22,66]. Consequently, it can
be concluded that both the N- and S-containing groups could be
responsible for the Hg adsorption.

Few Hg" can only be detected at high initial concentrations
(>10 mM) after long enough contact time (>8 h) by NaCl test
method [21], implying that the redox adsorption of SNW-D in this
paper is almost negligible. On the basis of this study, a schematic
mechanism for Hg uptake by SNW is proposed (see the Graphical
Abstract). The dominant mechanism of the interaction is due to the
presence of free lone pairs of electrons on N and S atoms that are
suitable for coordination with Hg to give the corresponding
SNW—Hg complex. More studies, however, are needed to further
understand the mechanism for Hg?* adsorption as well as selective
adsorption, and expand the applications of SNW polymers.

Through analyzing the SEM images of the SNW-D before and
after Hg?* adsorption (Fig. 3c and d), we found that no discernible
difference is observable; which implies that the adsorbed Hg?* may
be uniformly distributed on the surface of SNW-D. On the other
hand, the peaks assigned to the triazine and benzene ring skeleton
structure in the FT-IR and Raman spectra hardly change during
Hg?* adsorption in acidic solution, and this indicates that no
structure changes occur in the polymer backbone.

5. Conclusions

In summary, we take advantage of high efficiency of the
microwave irradiation to prepare highly cross-linked porous ami-
nal networks through Schiff base chemistry. The as-prepared SNW
polymers possess several unique characteristics: the facile one-pot
synthesis; cheap and simple monomers; high N content (up to
50 wt%); in situ doped with S; high yield (up to 90%); catalyst-free;
solvent-dependent fluorescence property and high chemo-
resistance (thermal and chemical stability). Compared with
previous method, this strategy is more efficient, convenient, and
time saving and can be extended to large-scale fabrication. Hg
adsorption tests demonstrate that, for the first time, the SNW
polymers can very effectively and selectively scavenge Hg?" from
strong acidic waters without destroying the host structure. All
these advantages substantially make these materials promising
candidates for potential applications in catalysis, separation, solid-
phase extraction, Hg elimination, and sensing. More importantly,
we found that the incorporation of distinctive benzene spacer
groups into the polymer networks can deeply influence the poly-
mer properties and characteristics. And knowledge on the struc-
tural aspects as well as adsorption mechanisms would potentially
facilitate unearthing novel materials or technologies for effective
and selective removal of Hg?>* from wastewater.
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