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Abstract

This review mainly focused on the synthesis and properties of triazine-based materi-
als as well as the state-of-the-art development of these materials in adsorption-based
extraction techniques in the past 5 years, such as solid-phase extraction, magnetic
solid-phase extraction, solid-phase microextraction and stir bar sorptive extrac-
tion, and the detection of various pollutants, including metal ions, drugs, estrogens,
nitroaromatics, pesticides, phenols, polycyclic aromatic hydrocarbons and para-
bens. In the triazine-functionalized composites, triazine-based polymers and cova-
lent triazine frameworks have been developed as the adsorbents with potential for
environmental pollutants, mainly relying on the large surface area and the affinity
of triazinyl groups with the targets. Triazine-based adsorbents have satisfactory sen-
sitivity and selectivity towards different types of analytes, attributed from various
mechanisms including n—n, electrostatics, hydrogen bonds, and hydrophobic and
hydrophilic effects. The prospects of the materials for adsorption-based extraction
were also presented, which can offer an outlook for the further development and
applications.
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Abbreviations

PAHs Polycyclic aromatic hydrocarbons
SPE Solid-phase extraction

MSPE  Magnetic solid-phase extraction
SPME  Solid-phase microextraction
SBSE Stir bar sorptive extraction

LOD Limit of detection

Fg Enrichment factor

COPs Covalent organic polymers
COFs Covalent organic frameworks
CTFs Covalent triazine frameworks
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GO Graphene oxide

FT-IR Fourier transform infrared spectroscopy
SEM Scanning electron microscopy

TGA Thermogravimetric analysis

BET Brunauer—Emmett-Teller

TEM Transmission electron microscopy

HPLC High performance liquid chromatography
XRD X-ray diffraction

RSDs Relative standard deviations

UHPLC Ultra high performance liquid chromatography
DAD Diode array detector

FLD Fluorescence detector
p-CD p-Cyclodextrin

3D Three dimensional

uv Ultraviolet

GC Gas chromatography

FID Flame ionization detector

PEEK Polyetheretherketone
PDMS  Polydimethylsiloxane

1 Introduction

Extraction technology is closely related to the development of analytical chemistry,
which plays a vital role in obtaining sensitive and accurate results of detection as
well as time of analysis. In particular, the detection of trace pollutants has been the
focus and difficulty of analytical chemistry. Although these contaminants, like anti-
biotics [1], heavy metal ions [2], polycyclic aromatic hydrocarbons (PAHs) [3], pes-
ticide residues [4], plasticizers [5], and plant hormones [6], exist at low levels in the
sample, they are very toxic, persistent and tend to accumulate in organisms [7]. The
presence of trace amounts of contaminants and the complexity of the sample matrix
undoubtedly increase the difficulty of sample analysis [8, 9]. Appropriate extraction
techniques were selected to eliminate the interference of sample matrix and extract
the analytes effectively. Adsorption-based extraction uses a solid adsorbent to enrich
or separate the target from the sample matrix and interferences, and then the target
is thermally desorbed or eluted by solvent from the adsorbent [10-12]. Compared
with solvent-based extraction [13], it has many obvious superior features such as
applicability for more types of analytes, less organic solvent, better repeatability,
shorter extraction time and facile online combination with analytical instrument
[14]. Therefore, it has attracted much more attention recently.

Efficient adsorption-based extraction methods in analytical chemistry mainly
contain solid-phase extraction (SPE) [15], magnetic solid-phase extraction (MSPE)
[16], solid-phase microextraction (SPME) [17], and stir bar sorptive extraction
(SBSE) [18]. These extraction methods are coupled with analytical instruments to
accomplish the separation and detection of targets in the sample. Low limit of detec-
tion (LOD), large linear range, good correlation coefficient, high enrichment factor
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(Fg) and few organic solvents are the main objectives of analytical methods. The
type of extraction phase is crucial for the analytical results [19]. Moreover, based on
the principle of ‘like dissolves like’, the extraction phase with the similar property
to analytes is often selected [20]. Therefore, the development of extraction mate-
rials with high adsorption capacity and good selectivity has become popular for
sample preparation. A variety of extraction materials have been researched, such as
ionic liquids [21], polymers [22], carbon materials [23], aerogels [24], metal organic
frameworks [25], covalent organic frameworks (COFs) [26] and nanomaterials [27].
The triazine-based material has gained popularity in many adsorption materials
because of the unique physical and chemical properties [28]. It not only has a high
specific surface area but also can provide electrostatics, hydrogen bonding, n—mr, and
hydrophobic and hydrophilic effects with the various species, so it has been used in
chemical sensing, chromatographic analysis, adsorption-based extraction, catalysis
and drug controlled release. The triazine-based material can be prepared through
the modification of other materials with triazine groups or the polymerization to
form triazine-based polymers. In particular, a special polymer called a covalent tria-
zine framework (CTF) [29] is a kind of COF material with good crystallinity, good
chemical stability and acceptable thermal resistance, so it has become a hot material
in the field of chemistry. Taking into account the importance of adsorption-based
extraction and the great potential of triazine-based materials as extraction phases,
this review mainly focused on their structure characteristics, preparation methods,
characterizations and applications in SPE, MSPE, SPME and SBSE.

2 Preparation and Properties of Triazine-Based Materials

In terms of the diverse chemical composition and structure, triazine-based materi-
als can be divided into three categories: triazine-functionalized composites, triazine-
based polymers and CTFs. Because of the differences of their preparation methods
and properties, it is necessary to introduce these.

2.1 Triazine-Functionalized Composites

By the functionalization with triazine monomer, the advantage of triazine group
can be introduced into the composite and the properties of the composite can be
improved. To enhance the dispersion and compatibility of graphene oxide (GO) in
epoxy resin, GO was modified by a hydroxyl-terminated triazine derivative. The
derivative is constructed from low-cost cyanuric chloride and tris(hydroxymethyl)
aminomethane and cyanuric chloride, so abundant hydroxyl and amine groups
are introduced, which are capable of curing epoxy resins, then the modified GO
intermediate is mixed with an epoxy resin to prepare GO-cyanuric chloride-
tris(hydroxymethyl)aminomethane/epoxy composites (in Fig. la) [30]. The rela-
tionship between surface grafting, chemical construction, morphology, dispersion,
and interfacial interaction as well as the corresponding mechanical properties of
the composites were studied in detail. The results showed that hydroxyl-terminated
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Fig.1 a The route of preparation of graphene oxide-cyanuric chloride-tris(hydroxymethyl)aminometh-
ane [30]; b preparation scheme of 1,3,5-triazine tetrad-aza cyclophanes bonded silica gel stationary
phase (TTCPSP) [37]

triazine derivative grafted GO contributed to stronger interfacial interaction between
GO sheets and the epoxy matrix, which facilitated effective stress transfer from the
matrix to the GO-cyanuric chloride-tris(hydroxymethyl)aminomethane sheets. This
research indicated that the triazine group could greatly improve the property of the
composited material. In the research of Yu’s group, 2,4,6-trichloro-1,3,5-triazine
was used as a bridging agent to graft 5-NH,-aptamer onto polyhedral oligomeric
silsesquioxane-polyethyleneimine affinity monolith, the material was used for the
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specific identification of ochratoxin A [31]. In comparison with the post-polymer-
ization modification strategies including glutaraldehyde [32, 33] or Au nanopar-
ticles [34, 35] chemically linking reported previously, the reaction efficiency was
increased, the modification time was shortened and the properties were improved
obviously. Eventually, it was applied to enrich ochratoxin A in beer samples, and
acceptable selectivity and sensitivity (0.010 ng mL~") were obtained. To enhance
the hydrophobicity and thermal stability of cellulose nanocrystals, the triazine
derivative-grafted cellulose nanocrystals were synthesized via replacing or covering
hydroxyl and sulfate ester groups on the surface of cellulose nanocrystals by a tria-
zine derivative, and it was further incorporated into poly(lactic acid) nanocompos-
ites as a reinforcing filler [36]. The grafted cellulose nanocrystals were characterized
by contact angle measurement and thermogravimetric analysis (TGA), and satisfac-
tory results with contact angle of 110° and strong thermal stability were obtained,
proving the successful modification. Compared to the ungrafted cellulose nanocrys-
tals, improved thermal stability, mechanical properties and good transmittance were
achieved. The results confirmed that triazine is an excellent candidate for modify-
ing basis materials to improve their thermal stability and reduce their hydrophilicity.
Based on good adsorption and retention of analytes, triazine-functionalized silica
materials were also applied to chromatographic stationary phases. Zhang et al. fab-
ricated the 1,3,5-triazine tetrad-aza cyclophanes-functionalized silica (Fig. 1b), that
was obtained by stirring a mixture of 1,3,5-triazine tetrad-aza cyclophane, 3-ami-
nopropyl triethoxysilane and N,N-dimethylformamide at 130 °C for 24 h [37]. The
separation performance and retention mechanisms of the stationary phase in high
performance liquid chromatography (HPLC) were validated and compared with an
octadecylsilyl stationary phase (Agilent ZorBax SB-C18, 5 pm) using different types
of compounds including monosubstituted benzenes, PAHs and flavonoids. Due to
the hydrophobic, hydrogen bonding and n—r stacking forces provided by the triazine
groups, it showed a strong retention for the compounds containing -OH, —NH, or
phenyl groups. These studies suggested that triazine-functionalized composites were
endowed with unique advantages or specific functions.

2.2 Triazine-Based Polymers

In the study of controlled release of drugs, in order to avoid the degradation of drugs
and accelerate the solubility of drugs in aqueous medium, a novel polybenzimi-
dazole triazine-based polymer was developed by a solvothermal reaction between
4,4'.4"-((1,3,5-triazine-2,4,6-triyl) tris(azanediyl)) tribenzoic acid and 3,3’-diamin-
obenzidine [38]. Except for high surface area and good thermal stability, the mate-
rial possessed both electrostatic interactions and n—x stacking forces for drugs, that
were necessary for organic carriers. The triazine group has a free electron pair,
electron poor character and hydrophilicity, and can act as an active site for inter-
face redox reaction. Dibenzo[b,d]thiophene sulfone is a promising building block
for highly efficient organic hydrogen evolution photocatalysts. Based on this, two
triazine-conjugated porous polymers were synthesized by Pd-catalyzed coupling
1,3,5-triazine and dibenzo[b,d]thiophene sulfone [39]. These were used as the
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photocatalysts with excellent solar photocatalytic hydrogen evolution ability. Roshni
et al. developed porous covalent triazine piperazine polymer with cyanuric chloride
and piperazine as raw materials (in Fig. 2a—d) [40]. Then, mixed matrix membrane
prepared with a polymer as filler embedded in poly-ether-block-amide was studied,
and it was further applied to the separation of CO,/N, and CO,/CH, gas systems.
The porous covalent triazine piperazine polymer was introduced into mixed matrix
membranes so that they were rich in nitrogen, which exhibited the better adsorp-
tion of CO, more than N, and CH,. As a result, the mixed matrix membranes,
loaded with covalent triazine piperazine polymer at very low rate, can be signifi-
cantly improved towards the separation of CO,/N, and CO,/CH, systems in terms
of both permeability and selectivity. Recently, Zhao et al. used this method to in situ
prepare covalent triazine polymer on SiO, (Fig. 2e). The NH,-SiO, was dispersed
in anhydrous dichloromethane and mixed evenly with cyanuric chloride at 50 °C
for 30 min. Then 1,3,5-triphenylbenzene and AICI; were added to the solution and
stirred at 50 °C for 16 h to obtain the product [41]. The product was characterized
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Fig.2 a Schematic illustration of the synthesis and the basic structure of covalent triazine piperazine
polymer; b SEM image of covalent triazine piperazine polymer powder; ¢ TEM image of covalent tria-
zine piperazine polymer powder; d high-resolution TEM image focused at the edge of a particle [40]; e
schematic illustration of the synthetic process of SiO,@covalent triazine polymer microspheres [41]
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by Brunauer—-Emmett-Teller (BET), Fourier transform infrared spectroscopy (FT-
IR), SEM and transmission electron microscopy (TEM). Monodisperse core—shell
microspheres were successfully produced, and the thickness of shells including aro-
matic units were increased from 70 to 120 and 180 nm by regulating the amount of
organic ligands, accompanied by gradually increased surface area from 337 to 381
and 442 m? g~!. It was evaluated as HPLC stationary phase and applied to separate
various analytes based on hydrophobic, n—x, electron donor—acceptor and hydrogen
bonding interactions. This research developed covalent triazine polymer-modified
core—shell spheres for chromatographic separation by an in situ method that not only
provided an efficient preparation mode but also promoted the widespread applica-
tions of covalent triazine polymer.

Ni-catalyzed Yamamoto reaction was also used to synthesize triazine-based cova-
lent organic polymers (COPs). 1,5-Cyclooctadiene was dissolved in a solution of
N,N-dimethyl formamide containing bis(1,5-cyclooctadiene) nickel and 2,2'-bipy-
ridyl, then 2,4,6-tris-(4-bromo-phenyl)-[1,3,5]triazine was added to the above mix-
ture and the reaction was performed at 105 °C under N, overnight [42]. The COPs
displayed graphene-like layer texture, good thermal stability, very high surface area
(2015 m? g7!) and evenly distributed pore volume (1.36 cm® g~!). Disordered porous
structural nature revealed by X-ray diffraction (XRD) patterns may be because of the
distortion of the benzene ring or the interpenetration of the monomers.

Aerogels are a special class of nano-porous materials, and they are a microporous
solid gel with a gaseous dispersion phase, approximately 95% of the volume is air
and the remaining 5% is solid, making it the lightest solid material in the world.
They have unique properties such as extremely low density (0.003-0.5 g cm™),
high porosity and ultra-high specific surface area (500-1500 m? g~!); therefore,
they exhibit excellent potential for extraction and adsorption. Some triazine-based
organic polymers were developed as the organic aerogels, which were prepared
through Schiff-Base reaction between melamine and formaldehyde under certain
conditions [43].

2.3 Covalent Triazine Frameworks

CTFs are one special triazine-based polymer, their interior is a porous framework
material formed via connecting organic functional groups with the triazinyl [44].
The covalent bonds give them good chemical stability and thermal resistance. CTFs
combining the advantage of triazine-based polymers and a highly ordered pore
structure are considered one class of excellent adsorption and extraction material.
As shown in Fig. 3, there are various methods to synthesize CTFs.

Among many preparation methods, the trimerization reaction catalyzed by ZnCl,
and CF;SO;H is the most common method for the synthesis of CTFs. ZnCl, had
good solubility in nitrile reactant, and also gave high catalytic activity to trimer-
ization. Kuhn et al. used 1,4-dicyanobenzene as reagent and ZnCl, as catalyst to
synthesize CTF material at 400 °C. Products prepared under different temperatures
and reaction times were characterized by elemental analysis and FT-IR. After the
reaction at 400 °C for 40 h, the product was of high purity and the reaction was
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Fig.3 The synthetic methods
of CTFs
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carried out more thoroughly [45]. Similarly, benzimidazole was used to synthesize
benzimidazole-linked CTF by Tao et al. [46]. They found that the porosity increased
with the raise of ZnCl, concentration, but CTF changed to amorphous form with
high concentration of catalyst. In this work, the benzimidazolium-based CTF with
high surface area (1549 m? g~') was used to adsorb CO, and high uptake capacity
reached 21.68 wt%. A series of CTFs were synthesized at room temperature under
trifluoromethanesulfonic acid as catalyst and microwave assisted conditions [47].
The CTFs were characterized by FT-IR, the results were basically consistent with
those obtained by ionothermal ZnCl, catalysis, but the reaction time was greatly
compressed. TGA investigation exhibited good thermal stability of CTFs at 600 °C.
The high thermal, chemical and mechanical stability and the formability of a ther-
moset polymer material from CTFs, give them broad application prospects in gas
storage and sensors.

It is different from the high reaction temperature required by trimerization
reaction, the Friedel-Crafts alkylation reaction only required mild conditions and
also was widely used in the synthesis of CTFs from aromatic hydrocarbons and
haloalkane. Soltani et al. reported the use of the CTF-grafted mesoporous silica
materials as a novel adsorbent for the assessment of its capability for organic dyes
removal from aqueous solution [48]. Cyanuric chloride and biphenyls were added
to Ph-SBA-15 and uniformly dispersed in dichloromethane in Ar (0 °C) until fully
dissolved, followed by adding anhydrous AICIl, catalyst, and the reaction mixture
was refluxed at 65 °C under Ar atmosphere and moderate stirring for 16 h. After
washing and drying, the material was obtained and investigated for the adsorption
of methylene blue, and the effects of sample pH, the initial concentration of meth-
ylene blue, contact time, adsorbent dosage, and temperature were systematically
tested. Because there were a large number of aromatic groups on the adsorbent,
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the hydrogen bonding and n—r stacking forces between the adsorbent and meth-
ylene blue resulted in high removal efficiency (569 mg g~!) under the optimum
conditions (in Fig. 4).

Triazine monomers with amino groups are well suited for the prepa-
ration of CTFs by Schiff-Base reaction. Xu et al. developed two CTFs
through reacting 2,4,6-tris(4-aminophenoxy)-1,3,5-triazine with 2,4,6-tris-
(4-formylphenoxy)-1,3,5-triazine or terephthalic aldehyde, respectively (in
Fig. 5), the characterizations of FT-IR, X-ray diffraction (XRD) and BET proved
very good crystallinity and high specific surface area (1589 m? g~! and 1441
m? g~ 1) for two CTFs [49]. As shown in Fig. 6a, He et al. synthesized novel C3N,
active center inlaid CTFs by Schiff-Base reaction between 1,3,5-triformylphloro-
glucinol and melamine [50]. As can be observed by SEM and TEM, the material
shows the thread-like morphology and width of 60-180 nm in Fig. 6b, c. The pre-
pared material had good chemical durability to water, acids and bases, and exhib-
ited superior visible light photocatalytic ability for the removal of organic con-
taminant. It provides a feasible approach towards the design and construction of
highly efficient visible-light-induced photocatalysts with desired band structures.

The preparation of CTFs by nucleophilic substitution reaction has attracted
more and more attention. As shown in Fig. 7a, cyanuric chloride and 1,4-phe-
nylenediamine were reacted in 1,4-dioxane with the presence of anhydrous
K,CO; at 90 °C for 3 days [51], the developed CTF was successfully applied in
the field of electrochemistry. This method was used more and more frequently in
recent years because of its controllable conditions.

Wang et al. synthesized two CTFs by stable condensation of amine (melamine)
with dianhydrides (pyromellitic dianhydride and naphthalene tetracarboxylic
dianhydride) [52]. In this work, two reactants with the molar ratio of 1:1 were
mixed and heated to 325 °C by N, shield, the solids were ground and washed to
get the final products (in Fig. 7b). However, this method for synthesizing CTFs is
not common in practical applications.
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Fig.4 Schematic representation of the overall synthesis strategy of the CTF-Ph-SBA-15 (RS-3) and
the adsorption of methylene blue (MB) onto the RS-3. The n—= and H-bonding, the proposed schematic
interactions, between adsorbate and the surface of the adsorbent are also shown (red dashed lines) [48]
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In addition to the above reaction types, other preparation methods were also
explored. For example, Wang et al. developed a method by Michael addition and
Schiff-Base reaction [53]. Four different CTFs were prepared by this condensa-
tion method in this work. Taking dimethyl sulfoxide as the solvent, Cs,COj; as the
substrate, 4,4'-biphenyl-dialdehyde and tris(4-formylphenyl)-amine as the reac-
tants in a sealed container at 120 °C, the CTF product was obtained. The com-
posited preparation method was introduced into the synthesis of CTF, providing a
new idea for the preparation of CTF.

@ Springer



24 Pagel120f34 Topics in Current Chemistry (2021) 379:24

A o g
OHC cHO ZN
HO. OH
HO O
HN
cHO \ﬁ"\ N I . H
N __N OH NN N ZN N,
13.5- T : Y Enotketo ) N = /
I’rllormylp(h'lo)wolueinol N No N tautomerizatior NH N
P ~Z

N
Wo. OH 2N o, 0 ‘""
HN N NH oM H o
j}/:N 1 \<N\ | = \,N o 3 "o
b

\ <

Ny N OH N N zN O HNJ
Melamine I Y I

(MA) 5’4 A

Fig.6 a Schiff-Base reaction followed by irreversible enol-to-keto tautomerization of CTF; b SEM
image; ¢ TEM image [50]

a i b <
LTINS A s W< Ris AV
) [ Ao Y |
xn IH MDA P X0
NH NH HO 4355: Z?ga
JN\)\HN\ i)\i NN NN
HNT NN IN“TN’ N ©)< NN NN
.
‘@W W WD ﬁq/ @
v Chay oS
¢ N o T ) o
L @ 1,4-dioxane N J ricor
KyCO3/3d ", ",
NH Ni .

E4
z-

b

NH,
2

I

>_z
)=z
)—z
)=Z
5=
Fz*x

pN@ @N@N@“ o ol

e b o )¢ pe ¢
)\IN NJ‘IN »\ \)KIA ‘/v'\ N
oo, @""*“*“@ - X

Fig.7 a Synthesis of CTF-PDA [51]; b schematic representation of the synthesis processes of PI-COF
201 and PI-COF 202 [52]

@ Springer



Topics in Current Chemistry (2021) 379:24 Page 130f34 24

In a word, it is believed that CTFs with better performance and simpler prepara-
tion methods will be further developed by researchers in the near future.

3 Adsorbent Based Extraction Techniques
3.1 Solid-Phase Extraction

SPE is a common sample pretreatment technique, which separates the target from
other interferences by selective adsorption onto the solid phase. The solid phase is
the extraction material or adsorbent that decides the extraction efficiency. The tria-
zine-based materials are widely applied as the adsorbents for SPE due to the excel-
lent adsorption performance (see Table 1).

3.1.1 Triazine-Functionalized Silica as Adsorbents

In recent years, triazine-functionalized silica materials developed by bonding
triazinyl groups with silica matrix were increasingly used for SPE. As shown in
Fig. 8a, 3-chloropropyltrimethoxysilane was used as the bridging agent to bond
2,6-diamino-4-phenil-1,3,5-triazine to the surface of silica for SPE of Se(IV)
ions from food samples [54]. The established method was applied to the analysis
of fish, egg, honey, corn flour and rice flour with stable experimental data (rela-
tive standard deviations, RSD, <8%) and high recovery more than 95%. Because
the adsorption mechanisms are different for organic compounds and metal ions,
it is very rare to use SPE to concentrate two classes of targets simultaneously.
Through the hydrophobic effect and n—n stacking between triazinyl and phe-
nyl of organic compounds, and the chelating interaction of triazine units with
Cu(Il), tetraazacalix[2]arene[2]triazine-modified silica as a SPE adsorbent [55]
determined five PAHs and Cu(Il) by HPLC and graphite furnace atomic absorp-
tion spectroscopy, respectively. The main extraction and desorption conditions
were optimized, and the analytical method was established with low LODs
(0.4 ng L™! for PAHs, 15.0 ng L~! for Cu(Il)), wide linear ranges (0.25-100 ng
L~! for PAHs, 0.10-100 pg L~! for Cu(II)) and low RSDs (< 6.4%). The mate-
rial has also been used for the extraction and detection of flavonoids in complex
food samples [56]. The pH of sample solution, sample flow rate, composition
and volume of eluent solvent were optimized to establish analytical method. The
analysis of quercetin, luteolin and kaempferol in grape juice sample was car-
ried out by ultrahigh performance liquid chromatography-diode array detector
(UHPLC-DAD), which had lower LOD (50 pg L™!) and higher recovery than
that in commercial C18. The group also used it to enrich benzo[a]pyrene in edi-
ble oil [57]. Using SPE-HPLC-fluorescence detector (FLD) method, the overall
recovery of 88.0-122.3%, the LOD of 0.03 pg kg_l, and RSDs lower than 9.2%
were obtained. Another similar material was also prepared to analyze biological
samples. A bis(tetraoxacalix[2]arene[2]triazine)-modified silica (in Fig. 8b) was
synthesized as the sorbent for the extraction of five anthraquinones from human
urine by hydrophobic, hydrogen bonding, and m—n stacking mechanism [58].
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Fig.8 a Synthesis of 2,6-diamino-4-phenil-1,3,5-triazine bonded silica [54]; b preparation scheme of
bis(tetraoxacalix[2]arene[2]triazine)-modified silica SPE sorbent [58]

Coupled with UHPLC-FLD, the developed method with LODs ranged from 3.9
to 5.7 ng mL~! was successfully applied to the determination of aloe-emodin,
rhein, emodin, chrysophanol and physcion in the urine samples of five patients.
Another new triazine-containing silica adsorbent (2,6-bis(5,6-dioctyl-1,2,4-tria-
zine-3-yl)pyridine @SiO,) was produced by the similar method [59]. In the pres-
ence of Sr(II), Pd(II), Li(I), Na(I), Cs(I), K(I), Rb(I) and Ba(Il) in nitric acid
solution, it selectively removed Pd(II) with the removal efficiency more than
99.2%, that proved a good application prospect in adsorption of Pd(II).
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3.1.2 Triazine-Based Polymers as Adsorbents

It is known that the extraction of hydrophilic targets is very difficult in sample prep-
aration. However, most small molecules in organisms are hydrophilic, so their rapid
and accurate detection from biological samples is an urgent problem. A hydrophilic
SPE method based on mesoporous melamine—formaldehyde polymer was devel-
oped, followed by nano-ESI-Q/TOF MS analysis [60]. In the extraction of sialylated
glycopeptides from biological samples, the material exhibited hydrophilic and posi-
tively charged surface under low pH conditions. Due to the synergistic effect of
hydrophilic and electrostatic interactions, the targets were well retained on the mate-
rial. The method presented acceptable recovery of 75.63% from tryptic of HeLa S3
cell lysate sample.

The introduction of a molecular imprinting technique can effectively improve the
selectivity of SPE to specific targets. Using dopamine hydrochloride as template,
and melamine, urea and formaldehyde as reactants, Qiao et al. synthesized a hydro-
philic molecularly imprinted monolithic resin [61]. It was attached to a pipette head
for SPE of 1-naphthaleneacetic acid, p-chlorophenoxyacetic acid and 2,4-dichloro-
phenoxyacetic acid from bean sprouts (in Fig. 9a). The ratio among melamine, urea
and formaldehyde was optimized to get high selectivity of the material, the recogni-
tion mechanism mainly included hydrophilic effect and n—r stacking. After optimiz-
ing the extraction and desorption conditions, the pipette tip-SPE method was suc-
cessfully applied to the detection of above plant growth regulators in bean sprouts.
Another molecularly imprinted phloroglucinol-formaldehyde-melamine resin (in
Fig. 9b) was developed to detect clorprenaline and bambuterol in urine [62]. The
preparation conditions were explored using phenylephrine as template molecule,
and the proportions of melamine, phloroglucinol and formaldehyde were optimized.
SEM observed that the rough morphology of the material was very consistent with
three dimensional (3D) network structure. BET investigated a much higher sur-
face area of material (228.9 m? g~') than non-imprinted resin (7.8 m? g~!). Com-
pared with strong cation-exchange adsorbent, C18 and non-imprinted material, the

b
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M pEs

. DS

{ o we wo
Ho™~on

NN NI o
Y H._H _DES

N Y e

Ehrting i
(=
Collecting ehuate (7777}

HPLC Analysis

Fig. 9 a Procedure of pipette tip-solid-phase extraction [61]; b schematic illustration of synthesis and
molecular recognition of molecularly imprinted phloroglucinol-formaldehyde-melamine resin [62]
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Fig. 10 a Schematic illustration of the preparation process of the 3D B-cyclodextrin/GO-wrapped mel-
amine foam [63]; b schematic for the preparation of boronic acid modified grapheme oxide/melamine
sponge composite for in-syringe solid-phase extraction [64]

imprinted material had the highest recovery (91.7-100.1%) for clorprenaline and
bambuterol.

Commercial melamine foam is a green, inexpensive, highly porous triazine-
based polymer material that can be selected as a substrate to fabricate the sorbent
with other functional components. As shown in Fig. 10a, Hou et al. has modified
GO and B-cyclodextrin (f-CD) onto the surface of melamine foam to get a 3D
B-CD/GO-wrapped melamine foam via a layer-by-layer assembly for the extrac-
tion of flavonoids [63]. The introduction of melamine foam prevented the accu-
mulation of GO sheets and greatly increased the utilization of its surface area.
Further, the results indicated that $-CD improved the extraction selectivity due
to the formation of p-CD-flavonoid inclusion complexes through the host—guest
interaction. In this work, the SPE-HPLC method exhibited the linear range of
5.0-200 pg L~! for quercetin, 2.0-200 pg L~! for rutin and quercetin-3-O-rham-
noside with LODs of 0.5-2.0 pg L~!. The phenylboronic acid and GO were also
used to modify melamine sponge for developing the adsorbent of nucleosides
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(cytidine, uridine, inosine, guanosine and adenosine) [64]. The material was
made into a column that was loaded into a syringe, and semi-automated SPE
was performed by a peristaltic pump (in Fig. 10b). By advantage of boron affin-
ity, the material provided good extraction selectivity and enrichment ability to
the targets. The method realized the detection of five nucleosides from HepG2
cells, but the service life was only six times, so the material performance in
this respect still needed to be improved. In order to improve the hydrophobicity
of the melamine sponge, its surface was modified with urea—formaldehyde co-
oligomers [65]. The functionalized material was used to extract ten hydrophobic
analytes. By optimizing sample volume, sample pH, ionic strength and desorp-
tion solvent volume, a highly selective and sensitive SPE-HPLC-DAD method
was established, getting low LOD (0.03 pg L™}), large linear range (1.0-100 pg
L~!) and satisfactory recoveries (92—100%). Based on the good results of the
melamine sponge in the above tests, functionalizing it with copper sheets was
considered. Since copper has excellent affinity for sulfonamides, sulfonamides
were selected as the targets. The melamine sponge with metallic copper sheets
was directly immersed in the sample solution and sulfonamides from lake water
and milk samples was quantified by HPLC [66]. This method had the merits of
wide linearity, low limits of quantification (LOQs) (0.025-0.057 pg L~! for lake
water, 0.23-1.05 ug L™! for milk), high Fy (25-41) and satisfactory recovery
and repeatability.

Furthermore, melamine-based porous organic polymers was designed for
online SPE through a cross-linking reaction between melamine and paraformal-
dehyde [67]. It provided good extraction capacity and high adsorption efficiency
for phytohormones in juice samples, attributed to the n—n and hydrogen bond
effect by the rich n-electron and N-containing triazine structure of sorbent. The
online SPE-HPLC-UV method successfully analyzed trace five phytohormones
from tomato and grape juice samples, with the relative recovery ranging in
83.1-116% and 87.2-121%, respectively.

3.1.3 Covalent Triazine Frameworks as Adsorbents

For the highly selective extraction of nitroimidazoles, 1,4-dicyanobenzene was
used as the reactant and ZnCl, as the catalyst to synthesize CTF-1 by a simple
trimerization at 400 °C. The material of 20 mg was filled into a micro-column,
and two columns were attached in parallel to an eight-way valve for online SPE
before HPLC-ultraviolet (UV) analysis. After optimizing sample volume, sam-
ple flow rate, ionic strength and desorption conditions, online SPE-HPLC-UV
method was established for three nitroimidazoles in environmental water and
porcine liver samples. Owing to the m—x interaction and hydrogen bonding
between CTF-1 and nitroimidazoles, the online method provided lower LODs of
three nitroimidazoles than other extraction methods prior to HPLC-UV detec-
tion, and it also avoided possible contamination and loss of sample, enhanced
the sample throughput to seven tests each hour [68].
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3.2 Magnetic Solid-Phase Extraction (MSPE)

Magnetic absorbents have exhibited great potential for the rapid and efficient
removal of trace pollutants from water or oil separation in water by magnetic reus-
ability [69, 70], and they also have been developed and widely used in the field of
SPE. Compared with traditional SPE, MSPE has the advantages of simple operation,
rapid extraction, less amount of organic solvent, easy recovery of extraction mate-
rial and good repeatability. The triazine-based materials displayed good properties
in MSPE (see Table 2).

3.2.1 Triazine-Functionalized Magnetic Nanoparticles as Adsorbents

For rapid and highly sensitive detection of Pb(II) and Cd(II) ions in the environment,
a triazine-based material was developed for MSPE. Ghanbari et al. used 2,4-bis(3,5-
dimethylpyrazol)-triazine and N-ethyldiisopropylamine to synthesize 3-amino-
propyltriethoxysilane-2,4-bis(3,5-dimethylpyrazol)-triazine in N, at 80 °C. It was
modified to SiO,-coated Fe;O, using 3-aminopropyltriethoxysilane as a bridging
agent. The material with high surface area of 402 m* g~! was used as an adsorbent
in MSPE, and Pb(II) and Cd(II) ions were quantitatively detected by atomic absorp-
tion spectroscopy. The effect of pH, extraction time, type of eluent, eluent volume,
eluent time and interfering ions was separately investigated. The established method
gave LODs for Pb(II) (0.7 ng mL™") and Cd(II) (0.01 ng mL™"), and it was applied
to the quality inspection of various fruits with satisfactory results [71]. Similarly,
this group also used the material for the extraction of Cr(VI) by MSPE [72]. The
method was validated by certified reference material (SRM 2109 Cr(VI) standard
solution), the analytical results were in good agreement with the real results. In the
real sample analysis, the test results were also satisfactory. Compared with some
MSPE methods based on other materials, there were some advantages in LOD,
adsorption capacity and repeatability. These works provided new ideas for the use of
triazine-based materials in MSPE. As mentioned above, the tetraazacalix[2]arene[2]
triazine@Si0O, was used as a SPE adsorbent for Cu(II) and PAHs [55]. However,
MSPE has significant advantages over SPE, so this group prepared tetraazacalix[2]
arence[2]triazine-coated Fe;0,/SiO, magnetic nanoparticles to extract five PAHs,
six nitroaromatics and four metal ions by MSPE [73]. Compared to previous work,
the material showed lower LODs for PAHs, which may be caused by more adequate
contact between nanoparticles sorbent and targets.

3.2.2 Triazine-Based Polymers as Adsorbents

Adsorption-based extraction is increasingly used for drug detection. Melamine—for-
maldehyde resin was synthesized on the surface of Fe;O, nanoparticles by water-
in-oil method for the extraction of drug. The enrichment and detection of nine
nonsteroidal anti-inflammatory drugs in urine and milk samples were realized via
MSPE-HPLC-UV. High specific surface area, good dispersion, and strong inter-
molecular forces of the material with the analytes achieved satisfactory recover-
ies (80.6-116.3%), low LODs (0.3-1.5 pg L") and acceptable RSDs (3.0-11.4%)
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Fig.11 a Schematic diagram of 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline-terephthalaldehyde @Fe;0,,
fabrication and MSPE pretreatment procedure; b TEM images [72]

[74]. Liang et al. prepared a novel hybrid triazine-imine core—shell magnetic cova-
lent organic polymer (Fig. 11a) with high adsorption capacity and excellent stabil-
ity through surface-assisted in situ growth technique [75]. The core—shell struc-
ture is shown in Fig. 11b, and the polymer thickness is about 65 nm. Coupled with
UHPLC-MS/MS, the analytical procedure was developed for simultaneous detec-
tion of eight pesticides in fruit. In order to simultaneously extract both acidic and
alkaline pesticides, triazine-based polymeric network modified magnetic nanopar-
ticles/GO nanocomposites were synthesized, in which the carboxyl groups of GO
and the amino groups of triazinyl interacted with analytes. The imidacloprid and
2,4-dichlorophenoxyacetic acid from water and vegetable were detected by the
established analytical method [76]. Wang et al. prepared magnetic porous covalent
triazine-based organic polymer by co-precipitation to extract carbamate pesticides
[77]. By investigating the main influencing factors, the analytical method was estab-
lished. Because MS was used in the detection of lemonade and grape juice samples,
the LODs of the method were as low as 0.02-0.20 ng mL~! and 0.04-0.30 ng mL~!,
respectively.

3.2.3 Covalent Triazine Frameworks as Adsorbents

In order to concentrate and detect trace perfluorinated compounds in water sam-
ples, Ren et al. prepared CTF/Fe,0; microspheres by 1,4-dicyanobenzene and
FeCl;-6H,0 [78]. XRD characterization indicated that the material was success-
fully synthesized. Furthermore, on the rough surface, a large number of pores
and the high surface area (864.53 m? g_l) were observed by SEM, TEM and
BET, respectively. The CTF/Fe,05-based MSPE-HPLC-MS/MS method suc-
cessfully detected water quality in local ponds. Compared with the extraction
methods based on other materials (ethylene glycol modified silicone, oasis HLB,
C18, oasis HLB Plus and magnetic mesoporous microspheres), this method had
higher sensitivity, due to the electrostatic interaction between the triazine groups
and the perfluorinated compounds. After this work, another method based on this
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Fig. 12 Schematic representation of the synthesis of covalent triazine-based framework grafted magnetic
particles and the extended CTF [80]

material was also successfully established to the quantification of phenol pollut-
ants in water samples [79]. As shown in Fig. 12, Shahvar et al. synthesized a new
CTF by Friedel-Crafts reaction between cyanuric chloride and biphenyl. In order
to facilitate the material recycling, Fe;O, was wrapped inside the material. This
material was successfully utilized to determine parabens in breast milk, human
urine, shower wastewater, sunscreen cream and herbal hair tonic by HPLC-UV
[80]. Yan et al. used terephthalonitrile as the reactant to synthesize CTF by sol-
vothermal method, and reduced it by Ni to prepare the CTF/Ni composite mate-
rial. The composite material-based MSPE-gas chromatography-flame ioniza-
tion detector (GC-FID) method had a short extraction time (25 min), low LODs
(0.15-0.53 pg/L) and high Fj (59-88) to six phthalate esters from environmental
samples [81].
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3.3 Solid-Phase Microextraction

SPME combines sampling, enrichment, purification and sample injection into one
single step, which can achieve high sensitivity, is a rapid test, consumes only a
small amount of sample, uses non-solvent or less-solvent sample preparation, and
is facile and even online coupled with chromatographic detection. On the basis of
these advantages, SPME are superior to SPE and MSPE, and it has attracted increas-
ing attention. The recent applications of triazine-based adsorbents for solid-phase
microextraction are listed in Table 3.

3.3.1 Triazine-Based Polymers as Coatings

Triazine-based porous organic frameworks with different pore volumes were con-
structed by adjusting the proportion of cyanuric chloride and triphenylamine in the
Friedel-Crafts reaction. The SPME fiber coated with the material extracted organo-
chlorine pesticides, the results showed that the larger pore volumes, the better the
extraction effect. After the main conditions were optimized, an analytical method
was established by the fiber coupling with GC-ECD, and the LOD of this method
was lower than 0.043 ng g~!. Because the material had good stability, the fiber still
had a high extraction capacity after 100 runs [82]. A triazine-based polymer was
prepared on the surface of SiO, nanospheres by Schiff-Base reaction using mela-
mine and p-terephthalaldehyde. The material was coated on stainless steel wires
and packed in a polyetheretherketone (PEEK) tube for in-tube SPME of PAHs. The
quantitative determination of the analytes was online achieved by connecting in-tube
SPME to HPLC-DAD [83].

3.3.2 Triazine-Based Organic Aerogels as Coatings

Several triazine-based organic aerogels were developed as the coatings for SPME
by Sun’s group. Basalt fibers were immersed in a mixed reaction solution between
melamine and formaldehyde, and the sol-gel process was carried out at 80 °C by
Schiff-Base reaction of the aldehyde group with the amino group [84]. Aerogels
were obtained after organic solvent displacement and drying. The fibers coated with
melamine—formaldehyde aerogel were then placed into 30 cm length of PEEK tube,
which was connected with HPLC for constructing online analytical system. The
main factors were optimized and the in-tube SPME-HPLC-DAD method for PAHs
was established. The method showed wide linear ranges (0.03-25.0 ug L™!), low
LODs (0.01-0.05 ug L™!) and satisfactory repeatability (RSDs, 0.77-2.04%). During
the synthesis process, boron nitride nanosheets were doped in the reaction solution,
then boron nitride/melamine—formaldehyde composite aerogel was obtained [85].
The composite aerogel-coated wires were put into a PEEK tube to get an extraction
tube. The tube was coupled to HPLC to obtain online extraction and detection of
trace PAH targets. The carbon fibers with good mechanical strength were selected
as the support instead of basalt fibers, and the aerogel was modified with polydopa-
mine to effectively improve the stability and adsorption efficiency (in Fig. 13a) [86].
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It exhibited good extraction performance to seven phthalate esters, providing high
enrichment factors in 499-3276. Such large enrichment effect could lead to high sen-
sitivity, therefore an online sensitive in-tube SPME-HPLC-DAD method was estab-
lished with low LODs in 0.02-0.05 pg L~! and wide linear ranges (0.07-30 pg L™}
under optimized conditions. Compared with carbon fibers and aerogel-coated carbon
fibers, the functionalization of dopamine significantly improved the extraction per-
formance. Environmentally friendly ionic liquids with excellent extractive properties
were also introduced into the aerogel. 1-Dodecyl-3-(3-aminopropyl)imidazolium
bromide was bonded into the melamine—formaldehyde aerogel, and the electrostatic,
hydrophilic and n—n stacking mechanism of the material was demonstrated during
the extraction of estrogens (shown in Fig. 13b). The established SPME-HPLC-DAD
method provided low LODs (<0.20 pug L), wide linearity (0.15-20 pg L™"), high
Fy (1028-1256), satisfactory extraction repeatability (RSDs<2.5%) and prepara-
tion reproducibility (RSDs < 10.5%) [87]. These studies not only developed organic
aerogel-based adsorbents for sample preparation but also promoted triazine-based
polymers for further applications.
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3.3.3 Covalent Triazine Frameworks as Coatings

A dual-pore CTF that contains micropores and mesopores was prepared from
2,4,6-triphenoxy-1,3,5-triazine [88], Guo et al. applied the dual-pore CTF as the
coating for headspace SPME towards phthalate esters. BET investigation indicated
that the material had a high specific surface area (485 m* g~!). The TGA analy-
sis showed the material had no significant weightlessness below 340 °C, which was
very important for the thermal desorption of the fiber in GC injector. Compared with
polydimethylsiloxane (PDMS) fiber, this fiber possessed better extraction efficien-
cies to phthalate esters by factors between 1.08 and 40.7. The SPME-GC method
was developed and used to detect phthalate esters in three kinds of fruit juices on
the market. Unfortunately, the selectivity of this method for targets should be further
improved.

3.4 Stir Bar Sorptive Extraction

SBSE is based on a stirring rod-shaped sorbent material in sample matrix [18], in
which an extraction coating is wrapped onto a magnetic core. Because of hydro-
phobic, hydrogen bonding and n—r stacking forces of triazinyl groups with phenolic
compounds, so CTF should have good extraction ability for phenols. Hu’s group
synthesized the CTF via trimerization reaction with 1,4-dicyanobenzene as reac-
tant in melting state of ZnCl, at 400 °C for 40 h. Then a PDMS/CTF coating was
prepared on the surface of capillary glass rod with iron wire by sol-gel method. It
was used as a stirring rod for extracting eight phenols [89]. After optimizing the
pH, ionic strength, extraction time, stirring rate, type of desorption solvent and des-
orption time of the samples, an efficient and sensitive SBSE method followed with
HPLC detection was established, with a low LOD of 0.08 pg L', a wide linear
range of 0.25-500 pg L™, and Fg more than 65. Compared with commercial PDMS
and poly(ethylene glycol), the PDMS/CTF coating showed better extraction ability.
Eventually, it was used to determine phenols in Yangtze river water and east lake
water.

4 Conclusions and Future Prospects

Recent years have witnessed numerous reports of triazine-based materials, the
development of triazine-based materials, and the gradually maturation of their
synthetic and functional methods. These achievements pave their ways to versatile
applications include chemical sensing, chromatographic analysis, catalysis and drug
controlled release, especially adsorption-based extraction. This paper has reviewed
the recent studies on triazine-based materials in various adsorption-based extraction,
containing SPE, MSPE, SPME and SBSE. As the extraction phases, triazine-based
adsorbents (triazine-functionalized silica, triazine-functionalized composites, tria-
zine-based polymers, melamine foam, triazine-based aerogels and CTFs) presented
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good adsorption performance towards many types of targets, such as antibiotics,
heavy metal ions, PAHs, pesticide residues, plasticizers, plant hormones from water,
fruit, urine, milk, juice, oils, plastic packaging and vegetable samples, owing to mul-
tiple adsorption mechanism like as n—m, chelation, hydrogen bonding, electrostatic,
hydrophobic and hydrophilic interactions.

Although triazine-based materials have made some achievements in analyti-
cal chemistry, but the exploration on triazine-based materials in adsorption-based
extraction is still in its infancy and facing great challenging. New preparation meth-
ods and more triazine-based materials should be interested in the future research.
The reports about a simple and rapid synthesis of the CTF materials are missing and
their irregular shape of a particle greatly suppress their performance as extraction
phase. CTFs and triazine-based MOFs are very promising star materials, should be
further explored in adsorption-based extraction field. Based on the understanding of
structure-performance relationships, more studies on the CTFs should be performed.
In addition, the CTFs functionalized by other components are rare, so the combina-
tion of CTFs with other functional materials (ionic liquids, graphene, metal—-organic
frameworks, etc.) is still a potential way to expand CTF applications in the field of
adsorption-based extraction. The functionalization of CTFs with other materials or
the modification of other materials with CTFs will open a broad space for develop-
ing advanced materials for specific purposes. In separation science such as chroma-
tographic separation, pollutant removal, water purification and gas separation, there
is still very widespread application space for CTFs and other triazine-based materi-
als. Above all, triazine-based materials are promising materials in adsorption-based
extraction and other fields.
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