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ARTICLE INFO ABSTRACT

Editor: Prof. Jorg Rinklebe Carbon-based adsorbents with a high adsorption capacity and low price have been widely used in the removal of
volatile organic compounds (VOCs), but the poor gas selectivity and reusability limit their industrial applica-
Keywords: tions. In this work, disc-like nitrogen-rich porous carbon materials (HAT-Xs) were synthesized to remove typical

VOCs VOCs via adsorption. By controlling the synthesis temperature from 450 to 1000 °C, the C/N ratio of the HAT-Xs

ﬁ‘,itsorptio? 1 carb increased from 1.85 to 12.56. The HAT-650 synthesized at 650 °C with the high specific surface area of 305 m>
D;srg;g};?;lc carbon g~} exhibits the highest adsorption capacity of 141 mg g~! for ethyl acetate (which is 3.2 times for that of
Regeneration activated carbon), and 39.4 mg g’l for n-hexane, 48.6 mg g’l for toluene. Kinetic studies indicated that the

adsorption is physical adsorption and that the interior surface diffusion is the main rate-determining step during
the adsorption progress, the interior surface diffusion rate of ethyl acetate on HAT-650 is 1.455 mg g~ min~%>.
At the same time, the desorption and reuse tests show that HAT-650 has excellent reusability with low desorption
and regeneration temperature of 120 °C, and high desorption efficiency of 95.2% and that it could be a promising

ethyl acetate adsorbent for industrial applications.

1. Introduction

Volatile organic compounds (VOCs) are classified as the organics
with a boiling point below 250 °C, including benzene series, organic
chlorides, Freon series, organic ketones, amines, alcohols, ethers, esters,
acids, and petroleum hydrocarbon compounds (Gwenzi et al., 2021).
With the development of industry and human society, the emission of
VOCs is increasing year by year, while animals and plants emit pollut-
ants, but human activities including industrial solvents and trans-
portation are the most important sources of volatile pollutants (Qiu
et al., 2014). In the past decades, VOCs have attracted worldwide
attention and posed a major threat to public health (Gonzdlez-Martin
et al., 2021). Researches show that most VOCs such as benzene, toluene,
formaldehyde, n-hexane, and ethyl acetate are toxic to human health,
and may even cause cancer and death (Sciorio et al., 2021; Davidson
et al., 2021; Azhagapillai et al., 2020). Therefore, developing removal
technologies for VOCs is an urgent challenge for researchers. Adsorption
technology with low energy consumption, environment-friendliness,
easy operation, no secondary pollution, and low cost has been widely
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used for VOCs removal (Gang et al., 2021). Moreover, a large amount of
literature shows that adsorption is the first step of catalytic oxidation,
essential for the catalytic transformation of VOC molecules (Yang et al.,
2019; Liu et al., 2019).

An adsorbent is a key to adsorption technology, and various adsor-
bents have been reported for the adsorption of VOCs, including carbon-
based materials, (Wang et al., 2012a) metal-organic frameworks (Guo
et al., 2021), zeolites (Kim and Ahn, 2012), and silica gels (Yue et al.,
2021), etc. Carbon-based materials have been recognized as one of the
most economic and promising adsorbents for their high specific surface
area, special pore structure, easy availability, and cheap price (Zhu
et al., 2019). In the past researches, various kinds of carbon-based ma-
terials have been used as adsorbents to remove VOCs, including carbon
nanotubes, activated carbon, carbon spheres, modified carbon mate-
rials, grapheme, and its derivatives, etc (Pan and Xing, 2008; Chabot
et al., 2014; Zhou et al., 2014). In early 1998, Nguyen and Do (1998)
compared the adsorption performance of activated carbon for benzene
and ethanol. Later, fibrous carbonaceous materials, activated carbon
fibers were used as toluene adsorbents (Oh et al., 2008). Biochar is also a
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kind of carbon material produced from biomass, with similar chemical
and physical properties of activated carbon, and has been widely used in
CO4, sequestration, catalytic conversion of syngas into biodiesel, pollu-
tion remediation, and VOCs adsorption (Uchimiya et al., 2010; Zhang
etal., 2017). However, typical carbon materials such as activated carbon
and ordered mesoporous carbon have poor gas selectivity and long-term
stability and are hard to regenerate after adsorption (Gang et al., 2021).
In addition, the recovery and reuse efficiency of the adsorbed gas is not
ideal, which limits the industrial applications of the carbon adsorbents.
Desorption is of very practical significance for the recovery and reuse of
adsorbed gas (Bathen, 2003). Heat treatment methods are widely used
to release VOCs and regenerate adsorbents (Zheng et al., 2021). How-
ever, the desorption of most adsorbents requires a high temperature
exceeding 200 °C. To obtain high temperature, high-quality equipment,
and high energy consumption are required. The high costs caused by
these are the bottlenecks of industrial applications.

Recently, N-doped carbon materials have been widely used in several
areas, like oxygen evolution reaction (Kong et al., 2014), oxygen
reduction reaction (Kong et al., 2014), CO4 reduction (Zhang et al.,
2020), and VOCs adsorption (Wang et al., 2015). The doping of N atom
effectively modifies the electronic properties of carbon materials, which
is beneficial for carriers mobility and provides active sites (Duan et al.,
2017). Sun et al. (2020) and his group tested the BPA adsorption ca-
pacity of N-doped carbon and showed that increased N concentration
can improve the adsorption performance of the carbon materials, due to
the N atom with strong electronegativity could increase the n-acceptor
capacity of carbon and improve the interaction with n-donor of BPA. You
et al. (2021) found that the N-doped graphite layer can enhance the
peroxymonosulfate adsorption and activation on NiZn@N-G-900.
Through the experimental and DFT calculations, they discovered that
N-doped graphite can change the surface charge distribution and
improve the charge transfer between the catalyst and the adsorbate.
Therefore, nitrogen doping is a potential method in terms of the
adsorption of VOCs.

The nitrogen-doped carbon materials generated by traditional CVD
and thermal treatment methods use graphite oxide, CH4, and NH3 gases
as the precursors, their nitrogen content is usually below 10 at% (Wang
et al., 2012b). In recent years, many nitrogenous precursors, including
organic macromolecules, biomass, organic polymers, and MOFs, have
been used for the preparation of nitrogen-doped carbon materials (Xu
et al., 2020). These new kinds of nitrogen-doped carbons exhibit several
unique features, such as large mesopores, high specific surface area,
abundant surface functional groups, and high nitrogen content. In 2015,
Mahmood et al. (2015), used hexaaminobenzene trihydrochloride and
hexaketocyclohexane octahydrate as precursors synthesized a kind of
2D structures CoN with regular pore structure, the high specific surface
area of 281 m? g1, and high nitrogen content of 33.3 at%. Kou et al.
(2011) synthesized nitrogen-rich nanostructured carbon materials with
precursors of 1,2,4,5-benzenetetramine and triquinoyl hydrate, which
the BET surface area was as high as 1029 m? g~! and the pore size was
decreased to 0.9 nm. Walczak et al. (2018) synthesized a kind of N-rich
nano-porous carbon materials with high specific surface area, abundant
surface functional groups and high nitrogen content of 29.4 at%.

In this work, nitrogen-rich porous carbon materials from a precursor
of hexaazatriphenylene-hexacarbonitrile (HAT-CN) were synthesized
via a one-step carbonization process. By controlling the synthesis tem-
perature, a series of nitrogen-rich carbon materials, HAT-Xs (X = 450,
650, 800, 900, and 1000), have been synthesized. Various character-
izations have been used to study the physical and chemical properties of
the adsorbents. The adsorption performance of the HAT-Xs for three
typical VOCs (toluene, n-hexane, and ethyl acetate) were tested at
ambient temperature. Compared with toluene and n-hexane, HAT-Xs
show excellent adsorption to ethyl acetate, and kinetic studies show
that the diffusion of ethyl acetate in HAT-650 is easier than toluene and
n-hexane. Several mathematical models including pseudo-first-order
model, pseudo-second-order model, intra-particle diffusion model, and
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Fig. 1. Schematic illustration of the synthesis of HAT-Xs (X = 450, 650, 800,
900, 1000).

Langmuir model were used to study the kinetic mechanism of the
adsorption process. To test the stability of the materials, the cyclic test
was also carried out. The sample HAT-650 shows excellent reusability
with an adsorption capacity of 105.5 mg g™ ! after nine cycles.

2. Materials and methods
2.1. Materials

Hexaketocyclohexane octahydrate (99%) was purchased from Bei-
jing Innochem Technology Co., Ltd., China. Diaminomaleonitrile was
provided by Shanghai Aladdin Biochemical Technology Co., Ltd., China.
Acetic acid (AR, 99.5%), nitric acid (AR, 65%), and acetonitrile (AR)
were supplied by Guangzhou Chemical Reagent Factory, China. An
activated carbon used in this work was provided by Guangdong
Guangsen Carbon Industry Technology Co., Ltd., China. All the reagents
were used without further purification.

Hexaazatriphenylene-hexacarbonitrile (HAT-CN) materials were
synthesized according to a typical method (Walczak et al., 2018; Li et al.,
2019). Firstly, 4 g Hexaketocyclohexane octahydrate and 10.88 g dia-
minomaleonitrile were refluxed in 150 mL Acetic acid for 2 h. Secondly,
the black solid was filtered off while hot and washed with hot Acetic acid
(75 mL, ~100 °C). Thirdly, the black solid was put into 60 mL 30%
HNOs3 and heated at 100 °C, and refluxed for 3 h. Then, the hot dark
brown suspension was poured into ice water (200 mL) and cooled
overnight. Next, the suspension was filtered and the red-brown solid was
refluxed in 400 mL acetonitrile for 2 h. Finally, heat and evaporate the
filtrate to obtain an orange solid.

HAT-X (X = 450, 650, 800, 900, 1000) were synthesized by a one-
step carbonization process at different temperatures (450, 650, 800,
900, and 1000 °C) with the precursor of HAT-CN (as shown in Fig. 1). As
an example, HAT-450 was prepared as follows: 1 g HAT-CN was put into
a tubular furnace, and then heated to 450 °C with a heating rate of 5 °C
/min, under Ar atmosphere and kept for 2 h.

2.2. Characterizations

Powder X-ray diffraction (XRD) patterns were performed on a D/
MAX-Ultima IV X-ray diffractometer (Rigaku, Japan) with Cu Ka irra-
diation (A = 1.5406 10\) by a scan rate of 4°/min. Scanning electron mi-
croscopy (SEM) was observed using SU8220 (Hitach, Japan) with a high
voltage of 15 kV, and equipped with an energy dispersive X-ray spec-
trometer (EDS). Transmission electron microscopy (TEM) was per-
formed on a Talos F200s with an accelerating voltage of 100 kV. X-ray
photoelectron spectroscopy (XPS) data were obtained by an ESCA-
LABMk 250Xi spectrometer with a C 1 s reference peak at 284.6 eV. The
Brunauer-Emmett-Teller (BET) surface areas were determined by Nj
sorption using a BELMaster analyzer. Raman spectra were obtained on a
LabRAM HR800 Raman spectrometer equipped with a 532 nm Ar" laser
(Horiba Jobin-Yvon). Thermal stabilities analysis of the samples were
performed by a thermal gravimetric and simultaneous heat-infrared
spectroscopy combined system (TGA-IR, TGA/DSC3 +, FTIR/Nicolet
IS 50) with the temperature of 20-1000 °C and infrared spectroscopy at
a range of 4000-500 cm ™.
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Fig. 2. (a) XRD spectra and (b) FT-IR spectra of HAT-CN, HAT-450, HAT-650, HAT-800, HAT-900 and HAT-1000, (c) TGA profile of HAT-CN, (d) IR transmission

spectra of the vapor release from pure HAT-CN.

2.3. Adsorption measurements

2.3.1. Adsorption experiments

The adsorption experiments were conducted in a gas distributing
system providing the gases in a continuous flow mode. During the
adsorption process, 50 mg of the as-synthesized sample was filled in a
customer-made cylindrical quartz glass reactor (¢ = 6 mm). The inlet
concentration was 150 + 5 ppm and the total flow was 30 mL/min with
the gas hourly space velocity of ~16,000 h™!. Gas was sampled at given
intervals with an auto-feeding device, and the gas sample (1 mL) was
injected into gas chromatography (Shanghai Kechuang Chromato-
graphic Instrument Co. Ltd, China) with a capillary column
(30 m x 0.32mm x 0.5 um) for concentration determination. Each
group sample was tested at least 3 times to calculate mean and error. In
this work, we used 3 kinds of VOCs, ethyl acetate, toluene, and n-hex-
ane, as the target pollutant gases. During the adsorption test, 9 mL/min
flow of 500 ppm VOCs and 21 mL/min high purity (99.999%) nitrogen
passed into a high-pressure tank, respectively. Then the concentration of
ethyl acetate in the mixture gas stabilized at 150 = 5 ppm. To maintain
stable gas concentration, three high-precision mass flow meters (accu-
racy of 0.01 mL/min) were used in the VOCs flow, high purity nitrogen
flow, and mixture flow. All standard gas of nitrogen, toluene, n-hexane,
and ethyl acetate were provided by Guangzhou Kewenda Trading Co.,
Ltd. All of the adsorbents were pretreated by heating at 120 °C for 10 h
in vacuum before use.

2.3.2. Breakthrough curves

Breakthrough curves present the dimensionless concentration, C/
Coy, as a function of time at the outlet of the glass reactor. The C/Cy%
was calculated using Eq. (1):

G(IS(,-”)

where Gasgn) and Gas(eyy are the inlet and outlet concentrations of the
VOC gas.

The adsorption capacity (q, mg-g " }) of the adsorbent was calculated
based on the breakthrough curve using Eq. (2) (Liu et al., 2021):

V [
9= T000m (C°t* /0 C‘d’)

where Cp and C, (mg-L™!) represent the concentrations of the target
pollutant gas at the inlet and outlet, respectively; V is the volumetric
flow rate (mg~L’l) of the gas; m (g) is the mass of adsorbent; and ¢ (min)
represents the adsorption time. All breakthrough curves were tested at
room temperature.

x 100%

@

AS (our)

(2)

2.4. Adsorption curve analysis methods

2.4.1. Adsorption kinetics
The pseudo-first-order equation using Eq. (3) (Xu et al., 2020):

ki
log(q, - q,) = logq, - 7303" 3
where kj is the kinetic rate constant of pseudo-first-order adsorption
(min~1), and g, and g, (ng-g~!) represent the amounts of adsorption at
equilibrium and time t (min), respectively.

The pseudo-second-order equation is given as Eq. (4) (Zaman et al.,
2020):
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Fig. 3. SEM images of (a) HAT-CN, (b) HAT-450, (c) HAT-650, (d) HAT-800, (e) HAT-900, (f) HAT-1000, (g) TEM image of HAT-650, (h) HRTEM image of HAT-650,

(i) SEM mapping of HAT-650.

t 1 t

o ki @
where k; is the kinetic rate constant of pseudo-second-order adsorption
(g:mg~lmin~1), g, and g, have the same meaning as the above.

The adsorption kinetics may alternatively be described from a
mechanistic point of view. A diffusion-controlled adsorption process can
be explored by using the intra-particle diffusion model. Intra-particle
diffusion model usually include 3 steps, the first straight portion rep-
resents that surface diffusion is mainly affected by mass transfer, the
second depicts pores diffusion, and the third indicates interior surface
diffusion (Wang et al., 2020; Allen et al., 1989). The intra-particle
diffusion model can be expressed as Eq. (5) (Wang et al., 2020):
qi = kiat”* + 0 (5)
where kjq is the intra-particle diffusion rate constant (mg-g_l-min‘o's),
and 6 (mng-g™ 1) is a constant related to the thickness of the boundary
layer.

2.4.2. Isotherm model

The Langmuir model is based on the hypothesis that the monolayer
adsorption occurs onto a surface with a finite number of identical sites,
which is commonly given as Eq. (6) (Yang et al., 2017):

qm kL Ce
qe =

B 1+ kC, ©

where Ce (mg m~3) is the concentration at equilibrium, g, (mg-g~!) is

the equilibrium adsorption capacity, k;, (m>mg™') and g, (mg-g!) are
the Langmuir constant and theoretical maximum adsorption capacity,
respectively.

2.5. Desorption & regeneration

The desorption experiment starts after the adsorption equilibrium.
Dry flowing air with a rate of 30 mL/min was used as a purge gas. In this
work, heating was used to release VOCs and regenerate adsorbents
synchronously. During the desorption process, the adsorption materials
were heated by a small heating furnace. The desorbed gas was moni-
tored by an online gas chromatography to measure the desorption effi-
ciency. Based on the desorption curve, desorption capacity of the
adsorbent was calculated using Eq. (7) (Liu et al., 2021):

v r
q= IOOOm/O C.d, )]

where C; is the concentration of VOCs at the outlet; V is the volumetric
flow rate (mg-L’l) of the gas; m (g) is the mass of adsorbents; and t (min)
represents the desorption time.

3. Results and discussion

3.1. Characterizations of the adsorbents

The crystal phase of the synthesized HAT-Xs (HAT-450, HAT-650,
HAT-800, HAT-900, and HAT-1000) were obtained by XRD (Fig. 2a).
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Table 1

Elemental compositions of HAT-Xs from XPS and EDS.
Samples HAT- HAT- HAT- HAT- HAT-
450 650 800 900 1000
O Atom XPS 5.85 4.56 7.27 4.82 5.03
% EDS 3.94 1.49 2.12 2.52 3.41
C Atom XPS 61.15 65.32 68.97 82.56 87.06
% EDS 49.97 58.80 68.81 79.33 81.41
N Atom XPS 33 30.12 22.06 12.62 6.93
% EDS 46.10 39.71 29.07 18.15 15.18
Graphitic 31.19 32.53 35.86 42.20 50.74
Pyridinic 26.96 32.29 28.62 26.61 19.12
Pyrrolic 41.32 30.75 24.55 14.36 11.22
N-O 0.53 4.42 10.97 16.83 18.92
C/N XPS 1.85 2.16 3.12 6.54 12.56

The broad characteristic peak of C (002) at 26.73° indicates the amor-
phous structure carbon material, shifts to 25.68° with the synthesis
temperature increased to 1000 °C. It is noteworthy that the full width at
half maximum (FWHM) of XRD profiles of (002) peak decreases from
19.02 to 5.95, which indicates a highly crystalline graphite-like carbon
structure (Zhang et al., 2020). As shown in Fig. 2(b), compared to pure
HAT-CN, HAT-450 and HAT-650 still have a certain amount of function
groups, like —~OH, -C-O, -C=N, and -N-O. The functional groups of
carbon materials may have an important influence on organic com-
pounds adsorption (Eris and Bashiri, 2019). The high synthesis tem-
perature results in fewer surface functional groups for HAT-800,
HAT-900, and HAT-1000.

The TGA-IR test was carried out to study the influence of tempera-
ture on the material composition of HAT-CN. As shown in the TGA
profile (Fig. 2c) and 3D images of the IR spectra (Fig. Sla, Fig. 2d), a
main weight loss appeared at the temperature of 525 °C, mainly due to
the loss of -C=N groups at the edges of the carbon molecule (Walczak
et al., 2018). The IR transmission spectra of the vapor release from pure
HAT-CN with decomposition temperature increasing from 25 to 1000 °C
are shown in Fig. 2(d) and Fig. S1b. The peaks appear at 1201, 1226, and
1338 cm_l, which can be attributed to deformation vibrations and
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stretching vibrations of C-O-C, and deformation vibration of C-N,
respectively (Zhou et al., 2014; Wang et al., 2015; Shafiei et al., 2018).
As shown in Fig. 2(d), HAT-650 has fewer C-O-C and C-N function
groups compared to HAT-450. The functional groups of the substrate
continuously decrease when the synthesis temperature exceeds 650 °C.

The SEM images (Fig. 3) show that HAT-Xs have a disc-like stacked
layered structure with an average diameter of about 7 ym and an
average thickness of 150 nm. Compared to HAT-CN, the structure of
HAT-Xs collapse during the annealing process. With the synthesis tem-
perature increased, the layer structure agglomeration occurs. The sur-
face of HAT-CN is smooth and clean, while much small debris appeared
on the surface of HAT-800, HAT-900, and HAT-1000. The TEM (Fig. 3g)
and HRTEM images (Fig. 3h) further reveal an amorphous layered
structure of HAT-650, which is consistent with the XRD. The SEM
mapping image of HAT-650 is shown in Fig. 3(i) and the elemental
compositions from the EDS and XPS are presented in Table 1.

XPS spectra were used to identify the elements, relative content, and
bonding types of HAT-Xs. The XPS survey spectra, C1s spectra, and N1s
spectra of HAT-Xs were shown in Fig. S2, Fig. S3, and Fig. 4, respec-
tively. As shown in Fig. S2, the HAT-Xs were mainly composed of car-
bon, nitrogen, and oxygen. The oxygen content is relatively constant,
around 5 atom% (Table 1). The atom% content of C increased from
61.15% to 87.06%, while N decreased from 33% to 6.93% (Table 1) with
the temperature increasing from 450 to 1000°C during the synthesis
process, which is consistent with the loss of nitrogen-containing function
groups in the IR results. It is worth noting that the C/N ratios of HAT-450
and HAT-650 are close to 2/1, which means that they are similar to the
CoN-type carbon-nitride. Deconvolution of the N1s spectra (Fig. 4) re-
veals that the peaks at 398, 399, 400.5, and 402.5 eV, correspond to
pyridinic N, pyrrolic N, graphitic N, and oxidized nitrogen, respectively
(Walczak et al., 2018). With increasing carbonization temperatures, the
total N content and the pyrrolic N decreased, while the graphitic N
increased. The asymmetric state of the electron cloud of pyrrolic N en-
dows it a great potential to coordinate with organic molecules, which
can improve the adsorption of carbon-nitride materials to VOC mole-
cules (Zhang et al., 2020; Sun et al., 2020). It is worth mentioning that

HAT-450N 1s
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Table 2
BET surface area and pore structure of HAT-Xs.

Samples BET surface area Total pore volume Pore diameter
(m*g ™) (em®g™) (nm)

HAT-450 6.0 0.03 19.6

HAT-650 305.7 0.22 2.8

HAT-800 206.4 0.13 2.6

HAT-900 48.9 0.07 5.6

HAT- 30.4 0.05 7.1

1000

HAT-650 has the highest content of pyridinic N of 32.29%. The pyridinic
N content increased at first and then gradually decreased, and the
turning point appeared at 650 °C. Deconvolution of the Cls spectra
(Table 1 and Fig. S3) reveal that the peaks at 284, 285, 286, and 290 eV,
belong to graphitic G, sp>-hybridized C-N, sp>-hybridized C-N, and C-O
bond, respectively (Walczak et al., 2018). With the increase of synthesis
temperature, the content of graphitic C increased, while sp2-hybridized
C-N and sp>-hybridized C-N decreased. Due to the higher C content and
higher graphitic C ratio, the samples synthesized at higher temperatures
exhibit a higher graphitization degree, which is consistent with the XRD.

The specific surface areas of HAT-Xs were characterized by nitrogen
adsorption—desorption isotherms, as shown in Fig. S4. A large amount of
N, adsorption occurred at low pressure (P/Pg < 0.1) and hysteresis loops
appeared at high pressure, corresponding to type-I and type-IV iso-
therms, which indicated that there are both micropores and mesopores
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in the materials (Kim and Ahn, 2012). The BET surface area and pore
structure of HAT-Xs were list in Table 2. The pore size distribution plots
of HAT-Xs were shown in Fig. S4b-f. The HAT-Xs mainly illustrated
pores with a size of 0.3 ~1 nm except HAT-450. From the previous IR
results, there are abundant function groups in the layer and porous
structure, which caused the low specific surface area and large pore
diameter of HAT-450. HAT-650 shows a small average pore size of
2.84 nm and a high surface area of 305.7 m? g1, which is promoting
adsorption capacity (Zhang et al., 2017). The specific surface areas of
HAT-800, HAT-900 and HAT-1000 gradually decreased, which is due to
the structural collapse at high temperature as demonstrated by the TEM
images in Fig. 3.

3.2. Adsorption performance of the HAT-Xs

3.2.1. The different adsorption performances of the HAT-Xs

Ethyl acetate adsorption performance of the HAT-Xs were measured
by the breakthrough curves with a gas concentration of 150 + 5 ppm at
ambient temperature. As shown in Fig. 5(a) and Table S1, the adsorption
got breakthrough for all the HAT-Xs samples. HAT-450 showed a poor
adsorption performance and low adsorption capacity for ethyl acetate,
which may be due to the lower specific surface area compared to other
adsorbents. HAT-650 showed the best adsorption performance with the
breakthrough (C/Co%< 10%) time of 290 min, and an adsorption ca-
pacity of 140.97 mg g1, which is about 3.26 times as high as that for
HAT-800 (43.17 mg g™ 1). It is worth mentioning that, as shown in

Pseudo-second-order models
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Fig. 5. (a) The breakthrough curves of ethyl acetate onto HAT-Xs. Kinetic modeling for the adsorption of ethyl acetate onto HAT-650, HAT-800, HAT-900 and HAT-
1000, (b) pseudo-first-order, (c) pseudo-second-order, and (d) intra-particle diffusion (IPD) modelling.
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Table 3
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Parameters of pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models for the adsorption of ethyl acetate onto HAT-650, HAT-800, HAT-
900 and HAT-1000, with the gas concentration of 150 + 5 ppm at room temperature.

Samples HAT-650 HAT-800 HAT-900 HAT-1000
Pseudo first order Qe (mg-g™hH) 160.5 36.9 3.4 5.5

ky (min™1) 0.0029 0.0103 0.0718 0.485

R? 0.984 0.996 0.991 0.976
Pseudo Second order Qe (mg-g™h) 228.7 46.1 4.4 6.9

ko (g'mg~tmin™1) 0.00001 0.0002 0.0157 0.0071

R? 0.974 0.993 0.977 0.951
intra-particle diffusion kia (mg-g~-min~%%) 1.4 0.010 0.0071 0.010

0 (mg-g™H) 98.7 0.21 -0.0024 -0.0077

R? 0.971 0.966 0.971 0.938

Fig. S6a, the adsorption capacity of HAT-650 for ethyl acetate is 3.2
times for that of commercial activated carbon (44.13 mg-g’l). With the
synthesis temperature increased from 650 to 1000°C, the adsorption
capacity gradually decreased, which matches the variation of specific
surface area (Table 2). The largest specific area, highest N content and a
suitable amount of functional groups are the possible reasons for HAT-
650 to be the best gas adsorbent.

The adsorption kinetics is important to study the mechanism of the
adsorption process (Eris and Bashiri, 2019; Antuna-Nieto et al., 2020;
Tang et al., 2015). Therefore, different mathematical models including
pseudo-first-order, pseudo-second-order and intra-particle diffusion
models had been used to analyze the breakthrough curves of ethyl ac-
etate adsorption on HAT-650, HAT-800, HAT-900 and HAT-1000.

The plots of pseudo-first-order and pseudo-second-order kinetic
models for the adsorption of ethyl acetate onto HAT-650, HAT-800,
HAT-900 and HAT-1000 were shown in Fig. 5(b) and (c), and the pa-
rameters were summarized in Table 3. Compared to pseudo-second-
order, the correlation coefficients (Rz) of pseudo-first-order were more
close to 1, indicating that the pseudo-first-order model are fitting the
adsorption well, and the adsorption of ethyl acetate onto the HAT-Xs is a
physical adsorption process (Eris and Bashiri, 2019; Yadav et al., 2019).
Moreover, the isotherms measured at 290, 292, 294, and 296 K were
shown in Fig. S5, and the isosteric heat of adsorption (Qst) was calcu-
lated to be 18.8 ~24.5 KJ mol~!, which can also confirm the ethyl ac-
etate adsorption on HAT-650 is a physical adsorption process (Chen
et al.,, 2016; An and Rosi, 2010). As shown in Table 3, the highest
equilibrium adsorption capacity, g., by pseudo-first-order and lowest
adsorption rate constant (k;) prove the best adsorption performance of
HAT-650 (Eris and Bashiri, 2019).

The R? values for the intra-particle diffusion model were higher than

100
(a)
80 -
o
X 60
(=]
@)
D 40 4 150 + 5 ppm
—=— C,H;0,
201 —e— CHy,
+—C,H;
0 T T T T
0 100 200 300 400 500 600 700

Time (min)

0.93, meaning that the intra-particle diffusion model is suitable for data-
fitting. As shown in Fig. 5(d), the data exhibit two or three linear lines,
indicating that there are two or three controlling steps for the adsorption
process (Wu et al., 2009). The kjq is the rate of adsorption, the higher
value means higher intra-particle mass transfer rate. In this work, we use
the lowest k;q value as the final value in Table 3, which indicates that the
rate-determining step (Bang and Kim, 2017). For HAT-650 and
HAT-800, the rate determination step appears in the third place, while
for HAT-900 and HAT-1000, the rate determination step is in the second
place. For the small specific surface area (below 50 m? g1, Table 2) and
low total pore volume (below 0.1 cm® g_l, Table 2) of HAT-900 and
HAT-1000, the adsorption on interior surface is difficult to proceed.

3.2.2. The adsorption performance of HAT-650 for toluene, n-hexane and
ethyl acetate

Typical VOCs including toluene, n-hexane, and ethyl acetate were
chosen as the target pollutant gases to investigate the adsorption per-
formance of HAT-650. The breakthrough curves of toluene, n-hexane,
and ethyl acetate as the target pollutant gases are shown in Fig. 6(a),
Fig. S6, and Table S1. The adsorption capacity of HAT-650 for ethyl
acetate reached 140.97 m? g1, which is about 3.58 times higher for n-
hexane (39.43 m> g’l), and 2.90 times higher for toluene (48.61 m?
g_l). As shown in Table S1, all the HAT-Xs samples show excellent
adsorption selectivity to ethyl acetate, and the gas adsorption capacities
of the HAT-Xs for toluene, n-hexane, and ethyl acetate follow an order of
HAT-650 > HAT-800 > HAT-900 > HAT-1000 > HAT-450, which also
matches the order of specific surface area (Table 2).

The adsorption isotherms of HAT-650 for toluene, n-hexane, and
ethyl acetate are presented in Fig. 6(b) and Table S2. All the isotherms
were well fitted to the Langmuir model with the correlation coefficients
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Fig. 6. (a) The breakthrough curves of toluene (C;Hg), n-hexane (C¢Hi4), and ethyl acetate (C4HgO5) onto HAT-650 with a gas concentration of 150 + 5 ppm; (b)
adsorption isotherms of toluene, n-hexane and ethyl acetate onto HAT-650, and non-linear fits of the Langmuir model.
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Fig. 7. (a) Desorption curves in different temperature and (b) desorption efficiency, cyclic performance of ethyl acetate adsorption breakthrough curves (c) and (d)

adsorption capacity, (e) desorption curves, (f) desorption efficiency.

(r?)2 0.990, indicating a monolayer reversible adsorption process of the
VOCs onto HAT-650. Notably, the calculated maximum adsorption ca-
pacities (qy) of ethyl acetate is 150 mg g~ !, which is ~2.9 times of n-
hexane (52 mg g’l), and ~2.3 times of toluene (64 mg g’l), respec-
tively. The intra-particle diffusion model was used to study the diffusion
of toluene, n-hexane, and ethyl acetate on HAT-650. As shown in Fig. S7

and Table S3, for all the VOCs, the rate determination steps appeared in
the third place. In both three places, the adsorption rate kijg of ethyl
acetate is 1.455 mg g~ ! min~*>, which is more than 140 times to that of
toluene and n-hexane. It means that the diffusion of ethyl acetate on
HAT-650 is easier than any other VOC molecules. On one hand, the
molecular diameter of ethyl acetate (4.95 A) (Manjare and Ghoshal,
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2006) is smaller than toluene (5.68 10\) (Song et al., 2008), which can
help ethyl acetate enter the pores of the carbon-nitrides easily and may
lead to a smoother adsorption process (Wang et al., 2012a). On the other
hand, the carbon-based adsorbents can interact with the C=0 function
of ethyl acetate via hydrogen bonding and form strong physical
adsorption (Bang and Kim, 2017; Cross and Rochester, 1979). In addi-
tion, the polarizability of ethyl acetate (1.7) (Schaep et al., 1999) is
higher than toluene (0.4) and n-hexane (0.1) (Bruggen et al., 2002),
which induces stronger electrostatic and dispersion interaction with the
adsorbent (Yi et al., 2012). Therefore, HAT-650 presents a good
adsorption capacity of ethyl acetate.

3.2.3. Desorption & regeneration & reuse

In this work, the desorption efficiencies of HAT-650 for ethyl acetate
at different temperatures were tested. As shown in Fig. 7(a) and (b), at
different temperatures, desorption process mainly appeared in the first
30 min, and more than 67% ethyl acetate is desorbed. As the desorption
temperature increases from 50° to 120°C, the desorption efficiency in-
creases from 47.4% to 95.2%. When the temperature reached 120 °C,
the outlet concentration of ethyl acetate rapidly ascended to the highest
point of 6287 ppm within 10 min. The rapid desorption rate and high
desorption efficiency make the adsorbed ethyl acetate easy to collect. At
the same time, the low desorption temperature reduces energy con-
sumption, making HAT-650 promising in industrial applications.
Table S4 summarized the thermal desorption and regeneration of
different carbon-based VOCs adsorbents, the HAT-650 has a lower
desorption temperature.

Reusability is also an important factor in the practical application of
adsorbents. Different from some adsorbents which need another
regeneration progress after desorption (Das et al., 2004; Chen et al.,
2021), the HAT-650 sample can be regenerated by the desorption pro-
cess. As shown in Fig. 7(c) and (d), five cycles have been tested. After the
first cycle of desorption and regeneration, HAT-650 displayed a rela-
tively high adsorption capacity of ethyl acetate at 139.02 mg g™}, which
was 98.61% of the initial adsorption capacity (140.98 mg g~1). After 9
regeneration cycles, the adsorption capacity still kept 74.8% of the first
cycle, and the desorption efficiency all higher than 86% in 9 cycles. The
results demonstrated that HAT-650 presents excellent stability and
reusability for ethyl acetate removal.

4. Conclusion

In summary, disc-like structured nitrogen-rich porous carbon mate-
rials (HAT-Xs) were synthesized by a simple one-step annealing method
using HAT-CN as the precursor. After annealing at different tempera-
tures, HAT-Xs exhibit different morphology and physical properties. The
adsorption kinetics suggest that the adsorption of ethyl acetate onto
HAT-Xs is a physical adsorption process, and the interior surface diffu-
sion is the main rate-determining step. HAT-650 shows the best
adsorption performance for ethyl acetate with the experimental
adsorption capacity of 140.97 mg g}, which is 3.2 times for that of
commercial activated carbon. And it also shows excellent reusability
with a low desorption/regeneration temperature of 120 °C, high
desorption efficiency of 95.2%, and 74.8% of the initial adsorption ca-
pacity after nine cycles. Thus, HAT-650 is a promising adsorbent for
industrial applications. The discussion of the mechanism in this article is
not deep enough, and more research on the mechanism of selective
adsorption is needed. In the future, the HAT-650 could also be used in
the gas separation due to its significant ethyl acetate gas selectivity. In
addition, due to its high specific surface area and abundant surface
function groups, it may have promising application prospects as cata-
lysts or catalyst carriers.
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