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A B S T R A C T

In this study we synthesized a triazine–formaldehyde phenolic resin as a nitrogen-containing resol (N-resol)
through the condensation of 2,4,6-tris(4-hydroxyphenyl)triazine and formaldehyde. We then used this N-resol as
a carbon and nitrogen atom source, mixing it with a diblock copolymer of PEO-b-PCL as the soft template, for the
direct synthesis of N-doped mesoporous carbons. Interestingly, the self-assembled N-resol/PEO-b-PCL blends
underwent a mesophase transition from cylinder to gyroid and back again to cylinder structures upon increasing
the N-resol concentration (i.e., cylinder at 50/50; gyroid at 60/40; cylinder at 70/30). After removing the soft
template at 700 °C, the resultant N-doped mesoporous carbons possessed high N atom contents (up to 13 wt%)
and displayed gyroid and cylinder nanostructures. The synthesized N-doped mesoporous carbons exhibited
excellent CO2 uptake capacities (up to 72 and 150 mg g–1 at 298 and 273 K, respectively). Furthermore, the N-
doped mesoporous gyroid carbon structure displayed high adsorption capacities toward organic dyes in water.
The maximum adsorption capacities of rhodamine B and methylene blue in water reached as high as 204.08 and
308.64 mg g–1, respectively; furthermore, these N-doped mesoporous carbons also maintained up to 98 % of
their maximum adsorption capacities within 45 min.

1. Introduction

The colored dyes used extensively in, for example, prints, papers,

textiles, and plastics generally display excellent thermal and chemical
stabilities (Gupta and Suhas, 2009; Forgacs et al., 2004). Wastewater
produced from pharmaceutical, industrial, and biochemical activities
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are often contaminated with dyes, causing inevitable damage to living
creatures and the environment. Many kinds of dyes, even at small
doses, are toxic to aquatic life, very difficult to biodegrade, and ex-
tremely carcinogenic along the biological chain (Adeyemo et al., 2012;
Tsai et al., 2007). In addition, small amounts of these dyes can color
large blocks of water, causing extensive reflection of sunlight and the
high consumption of dissolved O2, potentially destroying ecosystems
and enhancing the growth of bacteria (Allen and Koumanova, 2005).
Among the many approaches (e.g., photocatalysis, electrolysis, ion ex-
change) that have been tested to remove organic dyes from wastewater
(Wang et al., 2014), adsorption methods are among the most eco-
friendly and effective methods. Several adsorbent materials are com-
mercially available or laboratory-tested, including activated carbons,
clay materials, zeolites, and mesoporous silicas and titanium oxide
(Rivera-Utrilla et al., 2011; Rafatullah et al., 2010; Lu et al., 2016; Wu
et al., 2016). In particular, activated carbons have extremely high ad-
sorption capacities toward most dye molecules, and can also be in-
volved in the catalytic processes of their degradation (Rivera-Utrilla
et al., 2011; Gu et al., 2013; Wang et al., 2012; Mezohegyi et al., 2012;
Mohammadi et al., 2011). The porosity and surface heteroatoms of the
activated carbons are mainly responsible for their adsorption efficiency
toward organic dyes (Smith and Rodrigues, 2015). Microporous car-
bons, which typically have pore sizes of approximately 1–2 nm, exhibit
low dye adsorption because most dyes are organic bulky molecules
having average dimensions greater than 1 nm and, therefore, the dyes
tend to block the pores of such activated carbons. Accordingly, meso-
porous carbons (pore sizes: ca. 2–50 nm) are more suitable for re-
moving dyes from wastewater (Dong et al., 2013; Peng et al., 2014;
Zhai et al., 2011), with ordered-pore-size mesoporous carbons being
more effective than amorphous-pore-size mesoporous carbons. The or-
dered arrangement of their pores, narrow pore size distributions, high
pore volumes, and tunable pore structures of ordered mesoporous
carbons all result in their faster adsorption, greater efficiency, and su-
perior selectivity in various applications when compared with those of
other reported mesoporous materials (Liang et al., 2008; Lee et al.,
2006).
Recently, microporous carbons have been prepared by using various

methods. For example, metal-organic frameworks (MOFs)-derived car-
bons which prepared by the calcination of zeolitic imidazolate frame-
work (ZIF) (Li et al., 2018; Kaneti et al., 2017), biomass-derived carbon
materials which prepared from natural cellulose and bacterial cellulose
(Dutta et al., 2017, 2014). On the other hand, soft and hard templating
strategies have been allied for the preparation of mesoporous carbons
having narrow pore size distributions and well-ordered pore structures.
A hard templating method employs pre-designed templates as hard
models for the replication of mesoporous carbon materials (Kosonen
et al., 2002). It requires the pre-design and synthesis of the hard tem-
plate, which might be costly, cumbersome, time-consuming, and not
suitable for large-scale production (Liu et al., 2018a,b; Mun et al., 2018;
Lu et al., 2018; Wang et al., 2018). Through this method, the porosity of
the resulting mesoporous carbon is determined mainly by the template.
A soft templating method involves the insertion of a block copolymer or
organic species through supramolecular self-assembly in the presence of
certain organic molecules. With this method, the porosity of the me-
soporous carbon is determined by the preparation conditions—for ex-
ample, the choice of solvent, the mixing ratio, or the temperature. For
this present study, we have used a soft templating method because of its
time efficiency, simplicity, and ease of removal of the template through
thermal treatment (Li et al., 2019; Chu et al., 2017; Li et al., 2011; Liu
et al., 2014a, b; Lee et al., 2014; Hu et al., 2010).
Recently, nitrogen (N)-doped carbons and related materials have

utilized in many applications such as energy storage [electrochemical
supercapacitors and sensors, batteries, and fuel cells] and catalysis in
organic synthesis reactions and hydrogen evolution reactions due to
their promising properties (Mori et al., 2018; Rao and Pramoda, 2019;
Zhao et al., 2019; Yasukawa and Kobayashi, 2019). As new kinds of N-

doped carbons, N-doped mesoporous carbons have received much at-
tention due to their excellent chemical, physical, mechanical, and
electronic properties (Shen and Fan, 2013). The incorporation of N
atoms into a mesoporous carbon material can improve the surface po-
larity, electronic conductivity, and electron donor tendency, in addition
to its performance in various applications (Guo et al., 2017; A.B. Chen
et al., 2015; T. Chen et al., 2015). In terms of dye removal, a few papers
have demonstrated the ability of N-doped mesoporous carbons to re-
move organic dyes from wastewater (Liu et al., 2014a, b; Sánchez-
Sánchez et al., 2015; Li et al., 2016; Liang et al., 2016; Jiao et al., 2017).
For example, Hu et al. reported that the N-doped mesoporous carbon
CMK-3 exhibited an uptake efficiency of anionic dyes (including methyl
orange) that was stronger than that of microporous carbons; this effect
was attributed to the ordered pore size of CMK-3 and the electron-do-
nating effect of the incorporation of the N atoms. Nitrogen-doped me-
soporous carbons can be prepared using either post-synthesis or soft-
templating methods. The former involves the impregnation of meso-
porous carbons with melamine, polypyrrole, or urea, followed by ex-
posure to NH3 gas under an inert atmosphere (Deng et al., 2016; Lee
et al., 2013; Wei et al. (2012); Chen et al., 2012); this method can,
however, be complex, costly for practical application, and time-con-
suming. The soft-templating approach generally involves the use of
phenolic resin as a carbon source, a block copolymer as a template, and
a N-functionalized organic species as a source of N atoms. The OH
groups of the resol network structure coordinate to the copolymer
through hydrogen bonds; the mesoporous material is then obtained
after removing the copolymer through calcination. Wei et al. prepared
N-doped mesoporous carbons using the soft-templating method, with
phenol-formaldehyde resol as the carbon source, dicyandiamide as the
N atom source, and the Pluronic F-127 block copolymer as the tem-
plate. The resol and dicyandiamide were assembled into micelles of the
F-127 copolymer, stabilized by electrostatic interactions and hydrogen
bonds; subsequent evaporation-induced self-assembly (EISA) and
thermal annealing (to remove the template, provided a N-doped me-
soporous carbon having a high N atom content (13.1 wt%) and tunable
pore size and mesostructure (Wei et al., 2013a,b). Yu et al. also reported
the preparation of a N-doped mesoporous carbon when using Pluronic
F127 as the template, urea as the N atom source, hexamethylenete-
tramine as a slow-release source of formaldehyde, and re-
sorcinol–formaldehyde resol as the carbon source. Co-assembly of these
four components under hydrothermal conditions provided a N-doped
mesoporous carbon having a N atom content of 2.5 wt% (Yu et al.,
2014). Bayatsarmadi et al. synthesized N-doped mesoporous spherical
carbons when using a mixture of F-127 and the fluorocarbon FC4 as the
soft template, with melamine and resorcinol–formaldehyde resol as N
and C atom sources, respectively. The resultant carbon materials had N
atom contents of 25.7–5.5 wt% (Bayatsarmadi et al., 2015). The block
copolymer PEO-b-PCL has been used as a soft template, along with
phenol–formaldehyde resol and melamine, for the preparation of a N-
doped mesoporous carbon having a N atom content of 2.8 wt% (Chu
et al., 2017). Similarly, the block copolymer poly(styrene–b–acrylic
acid) (PS-b-PAA) has been used as a soft template, with ur-
ea–formaldehyde precursor as the C and N atom source, for the
synthesis of a N-doped mesoporous carbon having a N atom content of
19 wt% (Liu et al., 2018a,b).
The examples discussed above reveal that the use of N-functiona-

lized resol polymers as sources of both C and N atoms has been limited
and uncommon. To the best of our knowledge, the synthesis of N-
containing resol polymers based on N-rich triazine moieties has not
been reported previously. In this study, we report the synthesis of a
triazine–formaldehyde phenolic resol through the simple condensation
of 2,4,6-tris(4-hydroxyphenyl)triazine (THPT) and formaldehyde in the
presence of NaOH (Scheme 1). We then prepared a series of N-doped
mesoporous carbons having gyroid and cylinder nanostructures by
using the triazine–formaldehyde resol as a C and N atom source and the
simple diblock copolymer PEO-b-PCL as a soft template (Scheme 2). We
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applied a variety of analytical techniques to study the characteristics of
these samples, including Fourier transform infrared (FTIR) spectro-
scopy, nuclear magnetic resonance (NMR) spectroscopy, differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), small-
angle X-ray scattering (SAXS), transmission electron microscopy (TEM),
and N2 sorption isotherms. Because of their N-rich structures, the syn-
thesized mesoporous carbons exhibited excellent CO2 uptake ability
and superior efficiency for the removal of the dyes rhodamine B (RhB)
and methylene blue (MB) from water.

2. Experimental section

2.1. Materials

ε-Caprolactone monomer was purchased from Acros and purified
through vacuum distillation over CaH2. Monomethoxy-poly(ethylene
glycol) (Mn =5000 g/mol; Fluka) was used as a macro-initiator to
synthesize the PEO-b-PCL diblock copolymer (Mn = 16,000 g/mol; PDI
= 1.27) through ring-opening polymerization, with stannous(II)
octoate [Sn(Oct)2] as the catalyst (Chu et al., 2017; Li and Kuo, 2011;
Su et al., 2019; Chu et al., 2016, 2014). 1H and 13C NMR spectra and
GPC traces of the prepared PEO-b-PCL diblock copolymer are provided
in Figs S1–S3. RhB and MB were obtained from TCI. 4-Cyanophenol,
trifluoromethanesulfonic acid (TfOH), and paraformaldehyde were also
purchased from Acros.

2.2. 2,4,6-tri-(4-hydroxyphenyl) Triazine (THPT) (Abuzeid et al., 2019)

A solution of 4-cyanophenol [Scheme 1(a); 2.00 g, 16.8 mmol) in
CHCl3 (40 mL) in a double-necked flask was stirred under N2 in an ice
bath. TfOH (7.6 mL) was added carefully over a period of 1 h and then
the ice bath was removed and the mixture warmed to room temperature
over 18 h. Distilled H2O (50 mL) was added and then the mixture was
neutralized with 2 M NH4OH until the pH was greater than 7 to produce
a precipitate. The precipitate was collected and placed in a vacuum
oven at 100 °C, giving an off-white solid [1.86 g, 93 %; Scheme 1(b)].
FTIR (KBr, cm–1): 3545–3120, 1143, 1633, 1579, 1500, 3029, 3045. 1H
NMR (500 MHz, DMSO-d6, ppm): δ 10.28 (s, 3 H), 8.54 (d, J=9.0 Hz, 6
H), 6.97 (d, J =8.5 Hz, 6 H). 13C NMR (125 MHz, DMSO-d6, ppm): δ
205.91, 171.46, 161.93, 131.65, 128.68, 115.99.

2.3. Nitrogen-containing resol phenolic resin (N-Resol resin)

A solution of THPT (0.5 g), formaldehyde (1.4 mL), and NaOH (0.05
g) in dioxane (3 mL) was heated at 100 °C under a N2 atmosphere for 1
h. The mixture was neutralized with HCl and then the solvents were
distilled off under reduced pressure. Tetrahydrofuran (THF) was added
and then the mixture was subjected to centrifugation. The liquid phase
was concentrated to obtain the N-resol [Scheme 1(c)]. FTIR (KBr, cm–1):
3680-3079, 2977-2850, 1608, 1526, 1434, 1356, 1269, 1242, 1110,
1023, 811. 1H NMR (500 MHz, DMSO-d6, ppm): δ 9.55 (s, aromatic OH,
12 H), 8.55 (d, J =8.5 Hz, 24 H), 6.98 (d, J =8.5 Hz, 13 H), 5.77 (s,
aliphatic OH, 13 H), 4.67-4.56 (m, CH2O, 48 H), 3.61-3.27 (m, CH2, 10

Scheme 1. (a) Structure of the commercially available 4-cyanophenol. (b, c) synthesis of (b) THPT and (c) the N-containing resol phenolic resin (N-Resol).

Scheme 2. Schematic representation of the direct synthesis of N-doped mesoporous carbon structures: (a) blending of N-resol and PEO-b-PCL, (b) self-assembly of
mixtures of N-resol/PEO-b-PCL through EISA and thermal curing, and (c) removal of the template through heating at 400 °C for 6 h and then at 700 °C for 6 h under a
N2 atmosphere.
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H). 13C NMR (125 MHz, DMSO-d6, ppm): δ 170.91, 162.91, 131.26,
129.36, 127.18, 116.16, 89.26, 84.50, 82.32, 67.61, 30.98.

2.4. Direct synthesis of N-Doped mesoporous carbon

A mixture of PEO-b-PCL and N-resol resin (various amounts of each)
in THF was stirred until they had dissolved completely. The solution
was then poured into an aluminum pan and the THF was evaporated at
room temperature slowly over 24 h through EISA, followed by heating
to 150 °C for 24 h to complete the thermal curing. Pyrolysis of the block
copolymer was performed at 400 °C for 6 h. Furthermore, pyrolysis of
the N-containing mesoporous phenolic resin was performed 700 °C for 6
h in a tubular furnace under a N2 atmosphere to provide the N-doped
mesoporous carbon (Scheme 2).

2.5. Dye adsorption experiments

Two organic dyes—RhB and MB—were selected to study the effi-
ciency of the carbon material to remove dyes from water. In a typical
experiment, N-doped mesoporous carbon (5 mg) was added to an
aqueous solution of the dye (RhB or MB, 10 mL) in a glass vial and then
the mixture was stirred (for 0, 15, 30, 45, 60, or 90 min) at a rate of 500
rpm. The supernatant was then isolated through centrifugation (6000
rpm, 10 min). The UV–Vis spectrum of the isolated supernatant was
measured. To obtain adsorption isothermal curves, various concentra-
tions of the aqueous dye (from 12.5 to 150 mg L–1) were used. For each
test, the N-doped mesoporous carbon (2 mg) was added to an aqueous
solution of the dye (10 mL) in a glass vial and then the mixture was
stirred (500 rpm) for 24 h. The supernatant was isolated through cen-
trifugation and its UV–Vis spectrum recorded, to construct the iso-
thermal curve. Adsorption reusability tests were performed by adding
the N-doped mesoporous carbon (3 mg) to an aqueous solution of the
dye (25 mg L–1; 10 mL) and then stirring for 1 h. The supernatant was
isolated and its UV–Vis spectrum recorded. The N-doped mesoporous
carbon was washed several times with H2O, EtOH, THF, and acetone to
remove the adsorbed dye. After drying the carbon material overnight at
100 °C, it was used in the next dye removal test. The adsorption iso-
thermals of RhB and MB were fitted using the Langmuir isothermal
model (linear form), expressed as follows:

= +C
Q K Q

C
Q

1e

e L m

e

m

where Ce (mg L–1) is the equilibrium dye concentration in the liquid
phase; Qe (mg g–1) is the equilibrium adsorption of dye per unit mass of
the adsorbent carbon; Qm (mg g–1) is the maximum equilibrium ad-
sorption of dye per unit mass of the adsorbent carbon; and KL (L mg–1)
is the Langmuir constant.

2.6. Characterization

FTIR spectroscopy was performed from 4000 to 400 cm–1 using a
Bruker Tensor 27 spectrophotometer. 1H and 13C NMR spectroscopy
was performed using a Bruker 500 (500 MHz) spectrometer at 25 °C,
with DMSO-d6 and CDCl3 as internal standards. TGA of the N-resol was
performed using a TA Q-50 TGA analyzer; the sample was heated from
40 to 800 °C under a N2 atmosphere at a heating rate of 20 °C min–1.
DSC analyses of the samples were performed using a TA Q-20 DSC
apparatus; the sample (3 mg) was placed in an aluminum pan and
heated from –40 to +100 °C under a N2 atmosphere at a heating rate of
20 °C min–1. SAXS of the assembled N-resol/PEO-b-PCL blends and N-
doped mesoporous carbons was performed at the BL17B3 beamline
[wavelength (λ): 1.24 Å] of the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. TEM images of the blends and
carbons were recorded using a JEOL-JEM-2100 microscope operated at
200 kV. The N2 sorption isotherms and CO2 uptakes of the N-doped
mesoporous carbons were measured using an ASAP 2020 analyzer; the

samples were activated at 100 °C for 12 h prior to measurement. The
pore size distributions of the samples were calculated using the non-
local density functional theory (NLDFT). UV–Vis–NIR spectra were re-
corded at 25 °C using a Jasco V-570 spectrometer, with deionized water
as the solvent. Raman spectra were recorded at 25 °C using a Jobin-
Yvon T6400 micro Raman apparatus, with a He–Cd laser (325 nm line)
as an excitation source.

3. Results and discussion

3.1. Synthesis of N-Resol resin

We synthesized a new phenolic triazine–formaldehyde resol (N-
resol) containing N-rich triazine moiety through the simple condensa-
tion of THPT and formaldehyde solution (37 %) in dioxane at 100 °C for
1 h under a N2 atmosphere (Scheme 1). The chemical structure of the
new N-resol was confirmed using FTIR and 1H and 13C NMR spectro-
scopy. The FTIR spectrum of N-resol (Fig. S4) featured a broad signal
from 3671 to 3010 cm–1, representing the stretching of phenolic OH
groups, in addition to two signals at 1603 and 1529 cm–1, representing
the vibrations of aromatic C]C bonds. The 1H NMR spectrum of N-
resol in DMSO-d6 featured [Fig. 1(a)] small signals at 9.56 and 5.78
ppm, attributable to its phenolic and aliphatic OH groups, respectively.
The aromatic protons were represented by two strong signals at 8.52
and 6.97 ppm. Typically, phenol–formaldehyde resol resins contain
several kinds of CH2 groups, including those bridging aromatic rings,
those in methylol groups, and those of ether groups (Panamgama and
Pizzi 1995; Werstler, 1986; Sojka et al., 1979). Similarly, the 1H NMR
spectrum of our N-resol featured several signals in the range from 4.79
to 4.49 ppm, representing methylol (PhCH2OH, PhCH2OCH2OH,

Fig. 1. (a) 1H and (b) 13C NMR spectra of N-resol.
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PhCH2OCH2OCH2OH) and methylene ether (PhCH2OCH2OH,
PhCH2OCH2OCH2OH) units, as well as a signal for the methylene
bridge (PhCH2Ph) at 3.58 ppm. The 13C NMR spectrum of N-resol
[Fig. 1(b)] featured signals for the triazine C]N and phenolic COeH
atoms at 170.52 and 162.77 ppm, respectively. The aromatic carbon
nuclei were represented by signals at 131.13, 129.13, 127.29, and
115.77 ppm. In addition, the methylol PhCH2OH, (PhCH2OCH2OH,
PhCH2OCH2OCH2OH) carbon nuclei provided signals at 83.94 and
82.79 ppm. The carbon nuclei of the methylene ether units
(PhCH2OCH2OH, PhCH2OCH2OCH2OH) appeared as signals at 88.64
and 67.33 ppm. We attribute the signal at 30.81 ppm to the PhCH2Ph
carbon nuclei. The molecular weight of the synthesized N-resol, de-
termined through GPC, was approximately 2300 g mol–1, with the
polydispersity index (PDI) of 1.06 (Fig. S5). TGA analysis of the N-resol
revealed its excellent thermal stability, with 10 % weight loss occurring
after heating at 388 °C and a char yield of 56 wt.% after heating at 800
°C under a N2 atmosphere (Fig. S6).

3.2. Preparation and physical properties of N-Resol/PEO-b-PCL blends

We used DSC and FTIR spectroscopy to study the thermal behavior,
hydrogen bonding, and self-assembly of mixtures of N-resol and PEO-b-
PCL at various N-resol concentrations. In general, the melting and
crystallization temperatures of a polymer can be determined through
DSC by measuring the second heating and first cooling scans. The
crystallization temperature is usually used as an indicator of any self-
assembly or microphase transitions in a block copolymer (Li et al.,
2011; Chen et al., 2009). Fig. 2 presents the DSC analyses of N-resol/
PEO-b-PCL blends: their second heating scans [Fig. 2(a)] and their first
cooling scans [Fig. 2(b)]. The glass transition temperature (Tg) of the
pure N-resol phenolic resin used in this study was 46 °C; the melting
temperatures of the PEO and PCL block segments were similar (ca. 60
°C), as displayed in Fig. 2(a). In addition, pure PEO and PCL block
segments exhibited two crystallization temperatures of 36 and 29 °C,
respectively, as displayed in Fig. 2(b) (Li and Kuo, 2011). The melting
[Fig. 2(a)] and crystallization [Fig. 2(b)] temperatures of the PEO and
PCL segments both shifted to lower temperatures upon increasing the
concentration of the N-resol phenolic resin, due to a decrease in the
chemical potential and a change in the morphology as a result of hy-
drogen bonding with the N-resol. Furthermore, the crystallization

behavior of both the PEO and PCL block segments disappeared when
the N-resol resin content was 70 wt%, as displayed in Fig. 2(b).
We used FTIR spectroscopy to study the hydrogen bonding inter-

actions in the N-resol/PEO-b-PCL blends (Fig. 3). The C]O units of PCL
and the CeOCe units of PEO underwent intermolecular hydrogen
bonding with the N-resol phenolic resin, as expected. In previous stu-
dies, we calculated the inter-association equilibrium constant (KA =
264) of the phenolic/PEO binary pair to be higher than that (KA = 116)
of the phenolic/PCL binary pair (Kuo et al., 2002; Kuo, 2018). Fig. 3(a)
and 3(b) present the C]O and COCee stretching regions, respectively,
of the N-resol/PEO-b-PCL blends. The CeOCe stretching region, in the
range 1000−1140 cm–1, is displayed in Fig. 3(b). The spectrum of pure
PEO-b-PCL exhibited a characteristic band at 1108 cm–1 for the free
ether units of the PEO segment; this signal shifted to 1095 cm–1 upon
the addition of the N-resol phenolic resin at all compositions, the result
of hydrogen bonding of the N-resol with the PEO segment. The signals
of the C]O units in the range of 1680–1780 cm–1 are displayed in
Fig. 3(a). The spectrum of pure PEO-b-PCL exhibits characteristic bands
at 1734 and 1724 cm–1, corresponding to the amorphous (or free) and
crystalline PCL segments, respectively. The intensity of the signal of the
crystalline PCL conformation at 1724 cm–1 decreased, and an additional
absorption band appeared at 1708 cm–1, due to the hydrogen-bonded
C]O units, upon increasing the concentration of the N-resol resin.
Thus, the N-resol OH units interacted with both the PEO and PCL
segments when the N-resol resin concentration was higher than 60 wt
%, consistent with the disappearance of the crystallization temperature
from the DSC traces.
We recorded SAXS patterns and TEM images of the N-resol/PEO-b-

PCL blends after thermal curing to examine their self-assembled na-
nostructures (Fig. 4). We suspected that the pure PEO-b-PCL would
display a lamellar crystalline structure, based on its SAXS pattern (peak
ratio of 1:2) and TEM image (Kuo, 2018). When the N-resol resin was
present at 50 wt%, Fig. 4(a) indicates the long-range order of a cylinder
structure, with the SAXS pattern revealing a peak ratio of 1:√3:√4:√7
and the first peak appearing at a value of q* of 0.272 nm–1 (d =23.25
nm). An hexagonally packed cylinder structure was confirmed using
TEM [Fig. 4(b), top view; Fig. 4(c), side view]. Increasing the N-resol
resin content to 60 wt%, Fig. 4(d) reveals a double-gyroid structure,
with SAXS analysis providing a peak ratio of √6:√8:√16:√20 and the
first peak appearing at a value of √6q* of 0.287 nm–1 (d =21.88 nm);

Fig. 2. DSC (a) heating and (b) cooling thermograms of mixtures of N-resol/PEO-b-PCL at various N-resol concentrations.
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Fig. 3. FTIR spectra of mixtures of N-resol/PEO-b-PCL at various N-resol concentrations: (a) carbonyl (C = O) region; (b) ether (C–O) region.

Fig. 4. (a, d, g) SAXS patterns and (b, c, e, f, h, i) TEM images of self-assembled mixtures of N-resol/PEO-b-PCL at various N-resol concentrations: (a–c) 50/50, (d–f)
60/40, and (g–i) 70/30.
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this structure was also confirmed through TEM {Fig. 4(e), from [211]
plane; Fig. 4(f), from [110] plane}. Alter further increasing the N-resol
resin content to 70 wt%, Fig. 4(g) reveals the long-range order of a
cylinder structure had formed again, with SAXS analysis providing a
peak ratio of 1:√4:√7:√9 and the first peak appearing at a value of q* of
0.268 nm–1 (d =23.43 nm), again confirmed through TEM [Fig. 4(h)
and 4(i)]. The samples featuring N-resol contents of 30 and 40 wt%
were also subjected to SAXS analyses (Fig. S7), but only broad peaks
were observed for these two composites, indicating disordered struc-
tures, consistent with our previous finding that a lower phenolic resin
content did not result in a long-range-ordered self-assembled structure
templated by the block copolymer PEO-b-PCL (Li et al., 2011). Based on
these DSC, FTIR spectral, SAXS, and TEM analyses, the intermolecular
hydrogen bonding of N-resol/PEO was stronger than that of N-resol/
PCL and, thus, the self-assembly of N-resol/PEO-b-PCL blends would
occur with competing hydrogen bonding interactions and the PCL block
segment would possess phase-separation from miscible N-resol/PEO
domain through the reaction-induced microphase separation, as dis-
played in Scheme 2(b).

3.3. Characterization of N-Doped mesoporous carbon

After thermal curing, we applied further calcination to remove the
PEO-b-PCL template and obtain the N-doped mesoporous carbon di-
rectly (Scheme 2(c)). Figs. 5(a), 5(d), and 5(g) display the SAXS ana-
lyses of the N-doped mesoporous carbons obtained after thermal

calcination of the N-resol/PEO-b-PCL = 50/50, 60/40, and 70/30
blends, respectively. The SAXS signals became sharper with more
highly ordered diffraction peaks upon removal of the PEO-b-PCL tem-
plate, because pore formation would lead to a greater difference in
electron density. In addition, the first peak in the SAXS pattern was
shifted to a lower value of q after thermal calcination, presumably
because of thermal expansion. For example, the d-spacings ranged from
23.25 to 30.78 nm for the N-doped mesoporous carbon obtained from
the N-resol/PEO-b-PCL = 50/50 blend system; furthermore, we observe
a similar peak ratio of 1:√3:√4:√7 in Fig. 5(a), also indicating hex-
agonally packed cylinders. TEM images [top view, Fig. 5(b); side view,
Fig. 5(c)] confirmed the mesoporous cylindrical structure, which also
featured another short-range ordered structure (e.g., a slit-shaped
porous structure). Fig. 5(d) presents the SAXS pattern of the N-doped
mesoporous carbon obtained from the N-resol/PEO-b-PCL = 60/40
blend system; it indicates the long-range order of a mesoporous double-
gyroid structure with a peak ratio of √6:√8:√10:√14:√22:√38:√50, as
confirmed through TEM imaging {Fig. 45(e) from [110] plane; Fig. 5(f)
from the [211] plane}. Increasing the N-resol resin content to 70 wt%
resulted in the long-range order of a mesoporous cylinder carbon, with
a peak ratio of 1:√3:√4:√7, as presented in Fig. 5(g); this structure was
confirmed by the TEM images in Figs. 5(h) and 5(i).
We recorded N2 sorption isotherms to further characterize these

mesoporous structures (Fig. 6). We observed typical type-IV curves with
the relative pressure ranging from 0.45 to 0.95 for the N-doped meso-
porous carbons obtained from the N-resol/PEO-b-PCL = 50/50 and 70/

Fig. 5. (a, d, g) SAXS patterns and (b, c, e, f, h, i) TEM images of N-doped mesoporous carbons obtained after calcination of self-assembled mixtures of N-resol/PEO-b-
PCL at various N-resol concentrations: (a–c) 50/50, (d–f) 60/40, and (g–i) 70/30.
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30 blend systems and from 0.85 to 0.95 for the N-doped mesoporous
carbons obtained from the N-resol/PEO-b-PCL = 60/40 system, as
displayed in Fig. 6(A), suggesting a common mesoporous structure.
Fig. 6(A)-(a) displays a H3-like hysteresis curve, suggesting a slit-shaped
porous structure having a broad pore size distribution, as displayed in
Fig. 6(B)-(a) for the N-doped mesoporous carbon obtained from the N-
resol/PEO-b-PCL = 50/50 blend system, consistent with the TEM

images in Figs. 5(b) and 5(c). Figs. 6(A)-(b) and 6(A)-(c) reveal H1-like
hysteresis, suggesting well-defined gyroid and cylinder pore channels
with narrow pore size distributions (ca. 23 and 19 nm), as displayed in
Figs. 6(B)-(b) and 6(B)-(c) for the N-doped mesoporous carbons ob-
tained from the N-resol/PEO-b-PCL = 60/40 and 70/30 blend systems,
consistent with the TEM images in Figs. 5(e) and 5(f) for the double-
gyroid structure and Figs. 5(h) and 5(i) for the cylindrical mesoporous
structure. Table 1 summarizes the Brunauer–Emmett–Teller (BET)
surface areas, mesoporous surface areas, total pore volumes, and me-
soporous pore volumes of our three N-doped mesoporous carbons; our
ordered (cylinder and gyroid) structures featured high percentages of
their mesoporous structures. In addition, among our samples, the N-
doped mesoporous cylinder carbon obtained from the N-resol/PEO-b-
PCL = 50/50 system possessed the highest BET surface area (610 m2

g–1); the N-doped mesoporous gyroid carbon and the N-doped meso-
porous cylinder carbon obtained from the N-resol/PEO-b-PCL = 60/40
and 70/30 blend systems possessed BET surface areas of 539 and 491
m2 g–1, respectively. However, the highest mesoporous surface area,
total pore volume of the N-doped mesoporous gyroid carbon from the
N-resol/PEO-b-PCL = 60/40 system over than that of the N-doped
mesoporous cylinder carbons (50/50 and 70/30 blends) due to its bi-
continuous double gyroid mesoporous structure as compared with the
cylinder structure as mentioned in previous study. (Li et al., 2019)
Fig. 7 displays the Raman spectra (from 1000 to 2000 cm–1) of the

N-doped mesoporous carbons prepared in this study. Two strong bands
appeared: one near 1326 cm–1 for the D band, corresponding to dis-
ordered carbon, and the other near 1575 cm–1 for the G band, corre-
sponding to graphitic-carbonized structures. The ID/IG ratios of the N-

Fig. 6. (A) Nitrogen adsorption/desorption isotherms and (B) NLDFT pore size distributions of N-doped mesoporous carbons obtained after calcination of self-
assembled mixtures of N-resol/PEO-b-PCL at various N-resol concentrations.

Table 1
BET, SAXS, and Raman spectral data of N-doped mesoporous carbons prepared from self-assembled mixtures of N-resol/PEO-b-PCL at various N-resol concentrations.

Sample SBET
(m2 g−1)

Smeso
(m2 g−1)

Stotal
rate

Vtotal
(cm3 g−1)

Vmseo
(cm3 g−1)

Vmseo
rate

Pore size
(nm)

d-spacing
(nm)

ID/IG

50/50 610 128 20.98 % 0.3916 0.1512 38.61 % — 30.78 1.24
60/40 539 191 35.43 % 0.6902 0.5162 74.78 % 23 28.67 1.30
70/30 491 119 24.23 % 0.6108 0.3180 52.06 % 19 32.87 1.17

Fig. 7. Raman spectra of N-doped mesoporous carbons obtained after calcina-
tion of self-assembled mixtures of N-resol/PEO-b-PCL at various N-resol con-
centrations.
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doped mesoporous carbons obtained from the N-resol/PEO-b-PCL =
50/50, 60/40, and 70/30 systems were 1.24, 1.30, and 1.17, respec-
tively, indicating that the most defected structure was that obtained
from the N-resol/PEO-b-PCL = 60/40 system. Table 1 summarizes the
d-spacings, pore sizes, pore volumes, and Raman spectral data of these
N-doped mesoporous carbons. The N-doped mesoporous double-gyroid
carbon obtained from the N-resol/PEO-b-PCL = 60/40 system pos-
sessed the largest pores (23 nm), the highest mesoporous volume ratio
(74.78 %), and the highest ID/IG ratio (1.30).
Our N-doped mesoporous carbons provided two characteristic peaks

near 400 and 530 eV in their XPS analyses, corresponding to the N1s
orbitals of the triazine units (Fig. 8(a)) and the O1s orbitals of the
phenolic OH and absorbed water [Fig. 8(b)]. The N-doped mesoporous
gyroid carbon possessed the highest N atom content (13 %); in com-
parison, the N-doped mesoporous cylinder carbons obtained from the
N-resol/PEO-b-PCL = 50/50 and 70/30 systems possessed N atom
contents of 11.5 and 12 %, respectively. Table 2 summarizes the fitting
results of Fig. 8 and reveals several types of N and O units in these N
doped mesoporous carbons. There were four major types of N1s species:
pyridinic-N at 398.8 eV (N-6), pyrrolic-N at 400.5 eV (N-5), quaternary-
N at 401.5 eV (N–Q), and oxidized N at 403.4 eV (N-X), as displayed in
Fig. 8(a). In addition, there were five major types of O1s species: ad-
sorbed H2O at 535.9 eV, C−OH at 534.2 eV, C–O at 533.3 eV, C = O at
532.3 eV, and quinone at 531.3 eV, as displayed in Fig. 8(b). The
fractions of N-5 and N-6 units and the fractions of C = O and C–OH
units in the N-doped mesoporous double-gyroid carbon (obtained from
the N-resol/PEO-b-PCL = 60/40 system) were the highest (Table 2),
suggesting that it might have the greatest potential for dye removal or
CO2 capture.

3.4. CO2 capture of N-Doped mesoporous carbons

Because of the high N atom contents and surface areas of our syn-
thesized N-doped mesoporous carbons, we tested them for their suit-
ability in two environmentally important applications: CO2 uptake and
the removal of dyes from wastewater. First, we investigated the CO2
uptake capacities of our carbon materials at 298 and 273 K and up to 1
bar (Figs. 9a and 9b, respectively). Among these new samples, the N-
doped mesoporous gyroid carbon exhibited the highest CO2 capacities:
70 and 150 mg g–1 at 298 and 273 K, respectively. The N-doped me-
soporous cylinder carbon obtained from the N-resol/PEO-b-PCL = 70/
30 system provided CO2 capacities of 66 and 141 mg g–1 at 298 and 273
K, respectively; the N-doped mesoporous cylinder carbon formed with
the N-resol/PEO-b-PCL = 50/50 system displayed the lowest CO2 ca-
pacities: 58 and 125 mg g–1 at 298 and 273 K, respectively. We attribute
the higher CO2 uptake efficiencies of the N-doped mesoporous gyroid
carbon, relative to those of the cylinder carbons, mainly to the higher N
atom content within the gyroid carbons. These N atoms have very high
ability to interact with CO2 molecules and, thus, their presence strongly
enhances the CO2 uptake. Interestingly, the CO2 uptakes of our syn-
thesized N-doped mesoporous carbons are among the highest ever re-
ported (Wan et al., 2015a,b, Wan et al., 2015a,b; Hao et al., 2010; Wei
et al., 2013a,b; A.B. Chen et al., 2015; T. Chen et al., 2015; Bai et al.,
2014; Sevilla and Fuertes, 2011; Liu et al., 2017). In comparison with
other porous materials such as covalent organic frameworks (EL-Mahdy
et al., 2019a,b; EL-Mahdy et al., 2019a,b; EL-Mahdy et al., 2018) and
graphene organic framework [Haque et al., 2017], also the CO2 uptakes
of our synthesized carbon materials are among the highest ones. Fur-
thermore, we estimated the isosteric heats of adsorption (Qst) of these
N-doped mesoporous carbons from their CO2 uptakes at 298 and 273 K,

Fig. 8. Fitting of the (a) N 1s and (b) O 1s XPS spectra of N-doped mesoporous carbons.

Table 2
XPS data of N-doped mesoporous carbons prepared from self-assembled mixtures of N-resol/PEO-b-PCL at various N-resol concentrations.

Wt.% N Species O Species

Samples C N O N-6 N-5 N-Q N-X Quinone C = O C-O C-OH H2O
50/50 79 11.5 9.5 43.77 20.87 19.70 15.64 13.27 41.30 17.42 12.54 15.45
60/40 78 13 9 33.20 44.30 19.40 3.08 14.84 42.90 20.94 16.52 4.7
70/30 75 12 13 37.70 12.22 40.01 10.04 11.46 33.28 25.97 20.10 9.16
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according to the Clausius–Clapeyron equation (Fig. 9c). The N-doped
mesoporous gyroid carbon provided values of Qst of 40.66 and 28.20 kJ
mol–1 at low and high adsorptions of CO2 (ca. 0.1 and 0.8 mmol g–1),
respectively. The N-doped mesoporous cylinder carbon obtained from
the N-resol/PEO-b-PCL = 50/50 system provided values of Qst at low
and high adsorptions of CO2 (ca. 0.1 and 0.8 mmol g–1) of 43.83 and
24.43 kJ mol–1, respectively; for the sample obtained from the N-resol/
PEO-b-PCL = 70/30 system, these values were 48.99 and 27.30 kJ
mol–1, respectively. These high values of Qst indicate that our synthe-
sized carbons interact very strongly with molecules of CO2, similar to
the behavior of activated carbons (Himeno et al., 2005; Keskin et al.,
2010).

3.5. Dye adsorption: kinetics and reusability

It has been reported previously that the incorporation of N atoms or
N-containing groups into carbon structures can dramatically enhance
their adsorption efficiency toward dyes. The high charge density of N
atoms can create more basic sites on the carbon surface and, thereby,
enhance the interactions between the carbon materials and cationic
dyes through various types of noncovalent interactions (e.g., electro-
static, dipole–dipole). In addition, carbon structures having large pore
volumes, high surface areas, and hydrophobic characteristics have
greater ability to function as potential adsorbents for small molecules
(Ben et al., 2009). Accordingly, we tested the suitability of our syn-
thesized N-doped mesoporous materials for use as adsorbents for water-
treatment by evaluating their adsorption efficiencies toward organic
dyes. Because it featured the highest N atom content, the largest pore
volume, and the greatest surface area, we examined the N-doped me-
soporous gyroid carbon (formed from the N-resol/PEO-b-PCL = 60/40
system) for the removal of RhB and MO from water. For quantitative
assessment of the adsorption of this N-doped mesoporous gyroid
carbon, we monitored the dye adsorption processes by measuring the
UV–Vis spectra of the aqueous dye solutions at various times (from 0 to
9 min) after the addition of the carbon material. For RhB, the super-
natants of the dye/carbon solutions were separated at various times and
their UV–Vis spectra were recorded (Fig. 10A). The intensity of the
absorbance peak at (λmax) of 554 nm decreased gradually upon in-
creasing the time from 0 to 45 min, and disappeared completely within

60 min. The inset to Fig. 10B presents photographs of the supernatant of
the dye/carbon solution at various times; the color of the aqueous dye
solution changed from deep-red/violet to colorless within 60 min. Thus,
our synthesized N-doped mesoporous gyroid carbon displayed high
efficiency for the removal of RhB from water; the maximum removal
efficiency of RhB (98 %) was very fast, within 60 min (Fig. 10B). Si-
milarly, for MB, we separated the supernatants of the dye/carbon so-
lutions at various times and recorded their UV–Vis spectra. As displayed
in Fig. 10C, the intensity of the absorbance peak at (λmax) 664 nm
decreased over the period from 0 to 30 min and disappeared completely
within 45 min. In addition, photographs of the isolated supernatants
from the dye/carbon solutions revealed a color change from deep-blue
to colorless within 45 min, as revealed in the inset to Fig. 10D. Thus,
our synthesized N-doped mesoporous gyroid carbon also displayed high
efficiency for the removal of MB from water. Fig. 10D reveals that the
maximum removal efficiency of MB (98 %) occurred within 45 min.
To further examine the adsorption behavior of the dyes RhB and MO

on the surface of the N-doped mesoporous gyroid carbon, we applied
the Langmuir isothermal mode (Langmuir, 1918) to fit the equilibrium
adsorption data. As summarized in Table 3, the fitting data provided
correlation coefficients (RL2) of the Langmuir isotherm model of
0.93701 for RhB and 0.99797 for MB (Fig. 11A). Based on the Langmuir
equation, the maximum adsorption capacities (Qm) of the N-doped
mesoporous gyroid carbon toward RhB and MO were 204.08 and
308.64 mg g–1, respectively (Fig. 11B). We attribute the higher value of
Qm for MO, relative to that for RhB, to the smaller size of the MB dye.
Furthermore, a comparison of the values of Qm for the N-doped meso-
porous gyroid carbon with those of previously reported N-doped car-
bons confirmed that our synthesized N-doped mesoporous gyroid
carbon is one of the strongest adsorbent materials for dye removal from
water (Table 4). In comparison with mesoporous carbons, the ordered
mesoporous carbon which prepared using soft template of triblock co-
polymer (Pluronic P123) exhibited adsorption values (Qm) of 83 and
196 mg g−1 for rhodamine B and MB, respectively (Jedynak et al.,
2019; Yuan et al., 2007), indicating that the doping of nitrogen in the
mesoporous carbons significant enhanced their adsorption efficiencies
of dyes (Table 4). Furthermore, we used cyclic adsorption-regeneration
tests of aqueous RhB and MO dye solutions to examine the reusability of
our N-doped mesoporous gyroid carbon. As displayed in Figs. 11C and

Fig. 9. (a, b) CO2 uptake properties of N-doped
mesoporous carbons obtained after calcination
of self-assembled mixtures of N-resol/PEO-b-
PCL at various N-resol concentrations (50/50,
60/40, 70/30) at (a) 298 and (b) 273 K. (c)
Isosteric heats of adsorption (Qst) of these N-
doped mesoporous carbons, calculated from
their CO2 uptake curves at 298 and 273 K.
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11D, the adsorption efficiencies of this N-doped mesoporous gyroid
carbon toward RhB and MO both decreased only negligibly after five
regeneration cycles, suggesting that our synthesized carbon material
could, indeed, be applied as an efficient adsorbent for the removal of
dyes from wastewater.
The mechanism of dye adsorption on carbon materials has been

previously reported, indicating that the adsorption process can be
happened through electrostatic interaction between negative sites on
carbon and positive charges of dye molecules, acid-base interaction
between NeH group on carbon and COOH groups of dye molecules, and
π-π stacking interaction between aromatic rings in carbon and dye
molecules (Wang et al., 2019; Tripathi et al., 2013; Ezzeddine et al.,
2016). In order to investigate the adsorption mechanism of rhodamine
B and MB on our prepared N-doped mesoporous gyroid carbon, FTIR
analyses of rhodamine, MB, carbon before and after dye adsorption
were measured, as shown in Fig. S8. FTIR spectrum of rhodamine dye
characterized by a broad signal at 3404 cm−1, representing the
stretching of carboxylic COOH group, in addition to two signals at 1590

and 1469 cm–1, representing the vibrations of aromatic C]C bonds
(Fig. S8A). After adsorption process, there no significant change in the
signals except some shifting in the signals of carboxylic COOH group
and aromatic C]C bonds to 3335, 1582, and 1462 cm−1, indicating the
presence of acid-base and π-π stacking interactions between N-doped
mesoporous gyroid carbon and rhodamine B dye (Fig. S8C). On the
other hand, FTIR spectrum of MB featured by two signals at 1600 and
1493 cm−1, representing the vibrations of aromatic C]C bonds in
addition to signal at 1484 cm−1 for the CS] bond (Fig. S8B). After
adsorption process, also there no significant change in the signals ex-
cept some shifting in the signals of aromatic C]C and CS] bonds to
1591, 1478, and 1170 cm−1, respectively, indicating he presence of π-π
stacking and electrostatic interactions between N-doped mesoporous
gyroid carbon and MB dye (Fig. S8C).

4. Conclusions

We have prepared a novel N-resol through the simple condensation
of THPT and formaldehyde in the presence of NaOH as a catalyst. We
then prepared a series of self-assembled N-resol/PEO-b-PCL systems and
resultant N-doped mesoporous carbons having various mesophase
structures, including cylindrical and gyroid, through the soft-templated
method. The N-doped mesoporous gyroid carbon (obtained from the N-
resol/PEO-b-PCL = 60/40 system) exhibited a high N atom content (13
%), while the two N-doped mesoporous cylinder carbons possessed N
atom contents of 11.5–12 %. The synthesized N-doped mesoporous
carbons displayed excellent CO2 uptake efficiencies of up to 72 and 150
mg g–1 at 298 and 273 K, respectively. Because it had the highest N

Fig. 10. (A, B) UV–Vis spectra of aqueous (A) RhB and (B) MB solutions recorded at various time periods after the addition of the N-doped mesoporous gyroid carbon
(initial concentration of both RhB and MB: 25 mg L–1). (C, D) Adsorption rates of (C) RhB and (D) MO [initial concentration (C): 25 mg L–1] on the N-doped
mesoporous gyroid carbon at various periods of time. Insets: Corresponding photographs.

Table 3
Fitted parameters for the adsorptions of RhB and MB on the N-doped meso-
porous gyroid carbon, obtained using the Langmuir adsorption isothermal
model.

Qm (mg g−1) KL RL2

RhB 204.08 0.1660 0.93701
MO 308.64 0.7058 0.99797
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atom content (13 %), the largest pores (23 nm), and the highest me-
soporous volume ratio (74.78 %), the N-doped mesoporous double-
gyroid carbon structure exhibited very high adsorption capacities to-
ward the organic dyes RhB and MB in water: 204.08 and 308.64 mg g–1,
respectively; furthermore, these maximum adsorption capacities were
achieved within very short periods of time (up to 45 min). Accordingly,
we suspect that our new triazine-based N-resol has great suitability for
use in the simple preparation of various kinds of N-doped mesoporous
carbons having additional potential applicability in, for example, cat-
alysis, sensors, and energy storage.
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