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Abstract

The coal combustion produces a large amount of pollutants such as organic compounds pollutants (such as VOCs, SVOCs)
and conventional pollutants (such as SO,, NOx) which need to be controlled in coal-fired plants. Currently, there have been
mature emission control technologies for conventional pollutants in coal-combustion flue gas. The complicated conditions
of flue gas will have great effects on the property of VOCs adsorbents. Thus, high-quality adsorbents with great adsorption
properties and selectivity of VOCs are urgently needed. In this work, a biomass-derived hierarchical porous carbon (HPC-A)
with high adsorption capacity (585 mg/g) and great selectivity of toluene was proposed. Analyses through the competitive
adsorption tests between toluene and SO, indicated that the pore size distributions of adsorbents dominate the adsorption
capacity and selectivity. The ultramicropores (< 0.7 nm) determine the SO, adsorption capacity and promote the SO, adsorp-
tion selectivity, while the micropores of 0.7 ~2 nm and mesopores are beneficial for toluene adsorption. Intriguingly, the SO,
molecules can promote the toluene adsorption kinetics on hierarchical porous carbons through occupying ultramicropores
when competitive adsorption. Besides, we indicated the mechanism of adsorption capacity, selectivity, and kinetics of toluene
and SO,, and great reusability of HPC-A was found through toluene cyclic adsorption tests. The HPC-A could be a potential
adsorbent for VOCs removal from coal-combustion flue gas.
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Introduction

China is the largest coal producing and consuming country
in the world, and the coal combustion process would pro-
duce various pollutants such as sulfur dioxide (SO,), nitro-
gen oxides (NOx), organic pollutants (VOCs, SVOCs), and
particulate matter (PM) (Wu et al. 2021a). Nowadays, the
emission standards of air pollutants from coal-fired sources
are increasingly strict, and the emissions of conventional
pollutants (such as SO,, NOx, and particulates) have been
effectively reduced to very low levels especially in ultra-
low emission coal-fired power plants (Tang et al. 2019a; Wu
et al. 2021b). However, the organic pollutants have received
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little attention, and no special equipment or technology is
applied to control their emissions in coal-fired plants (Ma
et al. 2021). With large volume of coal-fired flue gas dis-
charged into the environment, the coal-fired power plants
become an important anthropogenic source of organic pol-
lutants (Xu et al. 2019). The VOCs have long been a series
of widely concerned toxic and harmful pollutants as most
VOCs are recognized as precursors of photochemical oxi-
dants, substances causing the acid rain, agents that destroy
the ozone stratospheric layer, factors causing the climatic
change, and poisons that affect the nervous system and car-
cinogenic and mutagenic agents (Lillo-Rddenas et al. 2005;
Mohan et al. 2009). Compared with other sources, coal and
industrial combustion sources accounted for a large propor-
tion of VOCs (Cheng et al. 2021). It is crucial to take meas-
ures to reduce VOCs emission from coal-fired power plants.

For the SO, removal from coal-fired plants, there have
been mature technologies such as wet flue gas desulfuriza-
tion (Lim et al. 2021) and semi-dry desulfurization (Zhou
et al. 2021). The flue-gas desulfurization (FGD) processes
can abate at least 99% of SO, emissions to the atmosphere
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(Rodrigues et al. 2021). However, for the VOCs removal,
great efforts have been made to develop efficient, environ-
mental friendly, and economic VOCs abatement techniques
such as catalysis oxidation (Zhou et al. 2020; Tang et al.
2019b), biological degradation (Muiioz et al. 2013; Padhi
and Gokhale 2014), condensation (Li et al. 2020; Wang
et al. 2020), and adsorption (Zhao et al. 2018), among which
adsorption with carbon adsorbents is recognized as one of
the most economic and promising VOCs removal strategies
(Zhang et al. 2017). As the SO, already had mature and
efficient abatement techniques in coal-fired plants, the VOCs
are urgent to be more effective controlled. Adsorption can be
an ideal treatment strategy for VOCs, and adsorbents with
high VOCs adsorption capacity and selectivity in flue gas of
coal-fired plants should be proposed.

The flue gas in the coal-fired plants is multicomponent
gas, and in the process of multi-components adsorption,
different adsorbates have various molecular diameters and
polarities, which put forward different requirements for the
pore structure or surface functional groups of adsorbents
(Qie et al. 2019; Deng et al. 2017; Sun et al. 2016a). For
example, the dynamic diameter of SO, molecule is 0.28 nm,
which is much smaller than toluene molecules (0.68 nm).
Thus, the favorable pore sizes for SO, and toluene adsorp-
tions should be distinct (Qie et al. 2019). Related research
(Zhu et al. 2012) had reported that the SO, adsorption
capacity was determined by the ultramicropore (< 0.7 nm)
of adsorbents. For the toluene adsorption, related research
(Lillo-Rédenas et al. 2005) had revealed that the toluene
is mainly adsorbed in micropore of adsorbents. However,
some researches (Kim and Ahn 2012; Gil et al. 2014) hold
the point that the larger pores are good to the adsorption
of VOCs with larger molecular diameters because of the
wider transport channel provided by meso-macropores. Our
previous work (Lu et al. 2021) also revealed that the meso-
macropores are beneficial to the toluene adsorption kinet-
ics and the mesopores can promote the toluene adsorption
capacity to some degree. Besides, surface functional groups
such as the nitrogenous functional groups (Zhang et al. 2020;
Sun et al. 2016b) and the alkaline oxygen functional groups
(He and He 2016; Li et al. 2011) in carbon adsorbents have
definite effects for SO, and toluene adsorption.

In this work, we synthesized a serious of hierarchical
porous carbons (HPCs) with different pore size distribu-
tions. Toluene, SO, single, and competitive dynamic adsorp-
tion tests were conducted on HPCs and a type of commer-
cial activated carbon (AC) to systematically discuss the
mechanism of the adsorption property. And toluene cyclic
adsorption experiments were conducted on HPC-A to test
its reusability. Through these tests, we proposed a hierar-
chical porous carbon (HPC-A) with high toluene adsorp-
tion capacity, selectivity, great toluene adsorption kinetics,
and reusability. It can be an appropriate adsorbent for VOCs
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adsorption in multicomponent gas, especially coal-fired flue
gas.

Material and methods
Materials

The a-cellulose (50 pm) (AR) was received from Aladdin
Chemistry Co., Ltd. (NH,),C,0,-H,O (AR), NaHCO; (AR),
KHCO; (AR), K,CO;5; (AR), and toluene (AR) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.

Preparation of adsorbents

In this work, four kinds of carbon adsorbents were prepared
from various approaches. The hierarchical porous carbons
(HPCs) were synthesized in laboratory. The HPC-A and
HPC-B were prepared by “foaming method” which had been
applied by our previous researches (Lu et al. 2021; Tang
et al. 2020). The HPC-C was prepared by the method of co-
activation of a-cellulose and K,CO;. The preparation details
of HPCs are described as follows.

First is thoroughly mingling «-cellulose,
(NH,),C,0,-H,0, and KHCO; at a mass ratio of 1:3:1
(a-cellulose: (NH,),C,0,-H,0: KHCO;) together and put-
ting the mixture into a ceramic crucible. Then, the ceramic
crucible was placed in a programmed temperature control
furnace in a N, protection atmosphere where the mixture
was calcined at 900 °C for 1 h and the heating rate was
10 °C/min. After being cooled down, the black powder was
dissolved in 500 mL deionized water and magnetic stirred
at room temperature for 24 h. Then, the solution was filtered
and washed with deionized water until the pH of the filtrate
reached 7. At last, the HPC-A was obtained after the black
residue was dried at 105 °C in an oven overnight. For the
preparation process of HPC-B, the difference from HPC-A
is that the raw material is a-cellulose, (NH,),C,0,-H,0,
and NaHCO; at a mass ratio of 1:3:1 (a-cellulose:
(NH,),C,0,-H,0: NaHCO;). And for the preparation pro-
cess of HPC-C, the difference from HPC-A is that the raw
material is a-cellulose and K,CO; at a mass ratio of 1:3
(a-cellulose: K,CO;). Besides, a type of commercial acti-
vated carbon (AC) was obtained from a power plant.

Adsorbents characterizations

The pore structure of adsorbents was determined by N, adsorp-
tion—desorption test at 77 K (Micromeritics ASAP 2460).
Before each test, samples were degassed at 473 K for 12 h first.
The specific surface area (Sgpr) was estimated by the BET
method. The micropore area and volume were calculated by
t-plot method. The micropore distributions and the calculations
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of ultramicropore (< 0.7 nm) and micropres over 0.7 nm were
analyzed by applying the nonlocal density functional theory
(NLDFT) on the N, adsorption isotherms. The mesopore dis-
tributions were obtained from Barrett-Joyner-Halenda (BJH)
method. The macropore distributions, density, and porosity
of materials were measured by a mercury porosimeter (Auto
Pore IV 9510). The microscopic morphology of adsorbents
was observed by a scanning electron microscopy (SU-8010)
at an accelerating voltage of 15.0 kV. The X-ray photoelec-
tron spectra (XPS) of adsorbents were carried out by using
the ESCALAB Mark II X-ray photoelectron spectroscopy in
an ultra-high vacuum with aluminum magnesium binode (Al
1486.6 eV, Mg 1253.6 eV) X-ray source. The binding energy
values were calibrated with respect to Cls peak (284.8 eV).

Toluene and SO, adsorption test

The toluene and SO, dynamic adsorption tests were conducted
on a self-build fixed bed dynamic adsorption system as shown
in Fig S1. The high purity N, was used as the carrier gas,
and the toluene steam was generated by the bubbling method;
the toluene concentration can be controlled by adjusting the
bubbling flow rate and the water bath temperature. SO, was
generated by a gas cylinder of SO, calibration gas (2000 ppm),
and the SO, concentration was controlled by adjusting the flow
rate of the calibration gas. The fixed bed adsorption column is
a quartz tube reactor with the internal diameter of 8 mm. The
adsorption temperature was controlled by the thermostat of the
temperature programmed vertical tube furnace, and the toluene
and SO, adsorption was conducted at 303 K. The gas pressure
of each adsorption test is atmospheric pressure and remains
constant. The dosage of adsorbents was 50 mg for each adsorp-
tion test. In the single adsorption test, 500 ppm toluene or
500 ppm SO, gas was introduced into the adsorption column
lonely. In the competitive adsorption test, 500 ppm toluene
and 500 ppm SO, gas were mixed in the gas mixer first and
then introduced into the adsorption column. The total flow rate
of all the tests was 200 mL/min which was accurately con-
trolled by the flowmeters (Beijing Sevenstar Electronics Co.,
Ltd.). The outlet toluene or SO, concentration was monitored
online by a GASMET. The adsorption breakthrough curves of
toluene or SO, can be obtained, and the adsorption capacity
was calculated by following formula (Song et al. 2019; Meng
et al. 2019):

_ Q/E)(Cm - Cuut)dt
B m

q, ey
where g, (mg/g) is the adsorption capacity of toluene or SO,
at time t, C;, (mg/m?) is the inlet concentration of toluene
or SO,, C, (mg/m°) is the outlet concentration of toluene or
SO, at time t, Q (mL/min) is the total gas flow rate, and m
(g) is the dosage of the adsorbent. The adsorption capacity

of materials is the g, when the dynamic adsorption reaches
equilibrium.

Toluene cyclic adsorption test

In order to reveal the adsorption reusability of adsorbent, a
series of recycling tests were conducted on HPC-A. After
the adsorption reached saturation, the desorption procedure
was carried out under nitrogen gas flow at 300 °C until the
toluene desorpted completely. And then toluene dynamic
adsorption was tested again.

Adsorption kinetics analysis

To analyze the adsorption kinetics of adsorbents, there
are several classical models to fit the dynamic adsorption
breakthrough curves, such as Yoon and Nelson (Y-N) model
(Eq. (2)) (Kyung-Won et al. 2017; Ang et al. 2020), Thomas
model (Eq. (3)) (Jafari et al. 2018; Cheng et al. 2020;
Recepoglu et al. 2018), and Adams-Bohart (A-B) model
(Eq. (4)) (Kyung-Won et al. 2017; Khim Hoong 2020),
expressed as follows.

1 C

t= —1
Ttk C,—C )
C qom
ln<EO - 1> = KT(% - Cyi) 3)
C B eKABCOI
C_O - eEapZNo)/ Uy — 1 + eKapCot )

where #(min) is the adsorption time, C, (mg/L) and C (mg/L)
are the inlet and outlet concentration, respectively, Kyy
(min~") is the Y-N rate constant, g, (mg/g) is the equilibrium
adsorption capacity, T (min) is the time required for 50%
adsorption breakthrough, m (g) is the dosage of adsorbent,Q
(mL/min) is the flow rate, Ky (L~min_l~mg_1) is the Thomas
rate constant, Z (cm) is the height of adsorbent column, N,
(mg/L) is the volumetric adsorption capacity, U, (cm/min)
is the flow linear velocity, and K,z (L-mg~"-min~") is the
Adams-Bohart rate constant.

For the fixed bed dynamic adsorption, generally believed
it is a process that the mass transfer zone (MTZ) is estab-
lished first, and then the MTZ moves in the adsorption col-
umn and finally moves out of the bed (Long. et al. 2012;
Qian et al. 2019). In this process, the toluene molecules need
to overcome various diffusion resistances to be adsorbed on
the micropores of adsorbents. The length of mass transfer
zone (Hy;r,) can be calculated by the following formulas

(Eq. (5~6)).
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where T o5 (min) and T os(min) are the time when the out- << E e e -
let concentration is 5% and 95% of the inlet concentration,
respectively, 7, (min) is the time when the adsorption reaches o é“ g Qo 2w
equilibrium, and Z (mm) is the length of the adsorption bed. 25D s = c&
ig’
S SRS S S
Results and discussion o X 8 83
SRS g & &8
Characteristics of adsorbents
E~ |3 5 =5
The N, adsorption—desorption isotherms of HPCs and AC o 20 QA I X e
are shown in Fig S2. Table 1 shows the pore specifications £E = oo
of materials derived from the N, adsorption—desorption iso- °§ ~ g
therms and the density/porosity derived from the mercury N %ic\o © = g« g
porosimeter. It can be found that the HPC-A has the highest S E’ El § 22 2z £
specific surface area and pore volume up to 2816 m?/g and o ;
1.413 cm®/g as well as the highest microporosity of 83.51%. E, 5
The HPC-B and HPC-C have similar specific surface area % ENR N £
(~ 1400 m¥g) and microporosity (~65%), while AC has the Ee |= & 83 |2
lowest specific surface area and pore volume. In observa- S
tion of the ultramicropore (< 0.7 nm) and the micropore of g %
0.7 ~2 nm, the HPC-A has the highest ratio of 0.7 ~2 nm f”\m ] 9 ] 8 % 2
micropore (pore volume 42.18%), while the HPC-C has the SE x ¥ a8 P fé
highest ratio of ultramicropore (pore volume 36.77%). It is ) g =
worth noting that the HPC-C has the minimum average pore E o g‘ a
size (1.91 nm) though the microporosity of HPC-C is not the Sle E |8 & 83 g Z
highest, and it can be attributed to the highest ratio of ultra- viesels s S oy fE
micropore on HPC-C. Moreover, the HPC-A, HPC-B, and " i g
HPC-C are much lighter than the AC for they have similar “tén 5 _ § g
lower density and higher porosity. For instance, the bulk :% % E §i i@ § f "E ;
densities of HPCs are in the range of 0.059~0.118 g/mL, but - E g s
itis 0.543 g/mL for AC. The porosities of HPCs are all over . 8§ § E
75%, and yet it is only 47.6% for the AC. The low density ¢ *E’ ooy oww g ;2 N
and high porosity can be attributed to the foaming action of Z -29 % 5 % % § g 2 e
the carbonates (NaHCO,/KHCO,/K,CO;) and (NH,),C,0, 8 =z I3 g
in the pore activation process of HPCs (Meng et al. 2019). 2 Tt % E E
With regard to the pore size distributions of materials, <§ o E2 o 2 =58 S = 5
. . . o |55 8 ¥ & © I 6 3
Fig. 1 A and B show the micropore and mesopore distribu- E|%= L -~ S S o "z £ %/
tions of adsorbents derived from N, adsorption—desorption g 23 2
isotherm and Fig. 1 C shows the macropore distributions of £ P g 2
adsorbents derived from the mercury porosimetry. It can be & E(Loo e 8 2 . g ; _E
observed that the HPC-A has the most abundant micropores % s E & T =8 z 2 §
of 0.7 ~2 nm and mesopores of 2 ~5 nm, but for the HPC-C 2 55 =5 = E § £
and AC, the micropores over 0.7 nm and mesopores are i = :]/8 ;}8 O E ~| 3 g &
fewer. The pore volume of HPC-A is the highest. It is worth 2 g g g &5 g 2 8 g % 2 E‘
noting that the HPC-B has more mesopores than HPC-C, e - T I < e FkE
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Fig.1 A Pore size distributions of 0.6~5 nm calculated by the NLDFT method; B pore size distributions of 3 ~50 nm calculated by the BJH
method; C pore size distributions of macropores over 50 nm derived from the mercury porosimeter

and that lead to much higher pore volume of HPC-B (0.895
cm?/g) than HPC-C (0.631 cm?/g). There are much more
macropores in HPCs compared with the AC, especially the
macropores of the HPC-C are extremely substantial. It could
be the reason why the HPC-C has the minimum density and
maximum porosity over other three materials. The lack of
mesopores and macropores leads to high density and low
porosity of the AC. The results correspond to the pore speci-
fications of materials in Table 1.

The morphologies of adsorbents were investigated by
scanning electron microscopy (SEM) measurements. As
Fig. 2 shows, the SEM images of HPC-A, HPC-B, and
HPC-C show similar hierarchical porous structure with
numerous meso-macropores ranging from tens of nanom-
eters to several micrometers, especially the macropores of
HPCs can be observed obviously. However, bulk morphol-
ogy without apparent meso-macropores of AC can be seen

200 nm

in Fig. 2D (d). The hierarchical porous structure with abun-
dant meso-macropores of HPCs results from the expanding
gases (CO, CO,, NH;, etc.) from KHCO,;/NaHCO,/K,CO,/
(NH,),C,0, during the carbonization process (Tang et al.
2020). On closer inspection, the mesopores and micropores
distributed on the carbon nanosheets can be observed espe-
cially on the HPC-A. However, nearly no mesopores can
be found on the carbon nanosheets of the HPC-C, and it is
probably because there are a large amount of ultramicropo-
res that cannot be observed but much fewer micropores over
0.7 nm and mesopores on the HPC-C. The pore structure
morphologies correspond to the pore size distributions of
materials. To sum up, the HPCs are hierarchical porous car-
bon materials with large amount of mesopores or macropo-
res. The HPC-A has abundant micropores over 0.7 nm
but fewer ultramicropores, while the HPC-C has plenty of
ultramicropores and macropores but lacks micropores over

200 nm 200 nm.

Fig.2 The SEM images of (A, a) HPC-A, (B, b) HPC-B, (C, c) HPC-C, (D, d) AC
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0.7 nm. However, there are mainly micropores with very
fewer mesopores and macropores on the AC.

Our previous work (Lu et al. 2021) and other related
researches (Fan et al. 2013; Xi et al. 2019; Yang et al. 2020)
which used K,CO,/KHCO,/NaHCO; as activator to activate
carbon materials revealed that the pore formation mecha-
nism of HPCs can be described as Fig S3 shows. Besides,
our previous work (Lu et al. 2021) also emphasized the
activation of (NH,),C,0,, and revealed that the hierarchi-
cal porous structure of HPCs can be attributed to the foam-
ing action by CO, or NH; molecules which come from the
decomposition of (NH,),C,0,, NaHCO4/KHCO;, or K,CO5.
As the reactivity of KHCOj is higher than NaHCO; (Lu
et al. 2021), the HPC-A has more abundant micropores and
mesopores but fewer macropores than HPC-B.

The X-ray photoelectron spectroscopy analysis was con-
ducted to characterize the chemical composition, especially
the nitrogen content doped in HPC-A and HPC-B; the XPS
wide scan spectrum can be seen in Fig S4, and the decon-
volutions of the XPS curves (N1s) of HPC-A and HPC-B
can be found in our previous work (Lu et al. 2021). The
semi-quantitative data derived from XPS measurements
(Table S1) showed that the N-Atomic % of HPC-A and
HPC-B is 2.03% and 1.59%, respectively. The nitrogen con-
tent in HPC-A and HPC-B can be attributed to the activation
of (NH,),C,0, (Tang et al. 2020).

Toluene and SO, adsorption capacity

The toluene and SO, dynamic adsorption tests were con-
ducted to calculate the equilibrium adsorption capacity, and
the results are shown in Table 2. It can be obviously found
that the adsorption capacity of toluene for all the materi-
als is much higher than that of SO,, especially the HPC-A.
Related researches about co-adsorption of toluene and SO,
also revealed similar phenomenon (Qie et al. 2019, 2020).
Noticeably, the toluene single adsorption capacity of HPC-A
is particularly high (585 mg/g), it is about 3 times higher
than that of the AC (205 mg/g), and it is higher than many
other carbon adsorbents in related researches (Zhang et al.

2017). The high toluene adsorption capacity of HPC-A can
be attributed to its high micropore area and volume (Lu
et al. 2021). However, the SO, single adsorption capacity of
HPC-A is relatively lower than HPC-B and HPC-C. Signifi-
cantly, the SO, single adsorption capacity of HPC-C is par-
ticularly higher than other three adsorbents even though the
microporosity of HPC-C is not the highest. This is probably
due to the richer ultramicropore on HPC-C in contrast with
other adsorbents as related research (Raymundo-Pifiero et al.
2000) reported the SO, adsorption capacity tend to be asso-
ciated with the ultramicropore of adsorbents. Besides, some
researches about SO, adsorption by nitrogen-doped carbon
materials revealed that the nitrogenous functional groups
in carbon adsorbents have a definite promotional effect for
SO, adsorption (Zhang et al. 2020; Sun et al. 2016b). Jingai
Shao et al. (2018) even revealed that the nitrogen functional
groups on the surface of the nitrogen-enriched biochar are
more effective than the pore structure for SO, adsorption.
Though the HPC-A (2.03% N-Atomic) and HPC-B (1.59%
N-Atomic) have nitrogen doping, even the HPC-A has more
developed pore structure and much higher microporosity,
the SO, single adsorption capacity of HPC-A is much lower
than HPC-C. Thus, there must be more significant factors
that dominate the toluene and SO, adsorption capacity.
The correlation analyses between toluene and SO, single
adsorption capacity and pore structure parameters (pore vol-
ume and area of <0.7 nm and 0.7 ~2 nm) derived from N,
adsorption—desorption tests were conducted as Fig. 3A ~D
shows. There are high correlations between the SO, adsorp-
tion capacity and the pore volume of <0.7 nm (R*>=0.9765)
and pore area of <0.7 nm (R*=0.9452) (Fig. 3A, B). As
the dynamics diameter of SO, molecular is 0.28 nm (Qie
et al. 2019), it can be inferred that the ultramicropores dom-
inate the SO, dynamic adsorption capacity of adsorbents
in this work. And E. Raymundo-Pinero et al. (2000) had
revealed that the SO, adsorption capacity tend to increase
as the ultramicropore volume of adsorbents increased. The
dynamic diameter of CO, (0.33 nm) (Zubbri et al. 2020)
is close to that of SO, (0.28 nm). Chang et al. (2019) syn-
thetized N-doped hierarchical porous carbon derived from

Table 2 The toluene and SO,

. . 2 Material Toluene adsorption capacity (mg/g) Difference SO, adsorption capac-  Difference T/S”
adsorption capacity of materials .
ity (mg/g)
Single? Competitive® Single? Competitive®
HPC-A 585 (Luetal. 2021) 562 -3.93% 14.3 11.0 —23.00% 40.91
HPC-B 342 (Luetal. 2021) 328 —-4.09% 18.0 15.6 -12.89% 19.00
HPC-C 336 315 —-6.85% 244 237 -2.87% 13.77
AC 205 (Lu et al. 2021) 185 -9.76% 12.9 124 -3.96% 15.89

dSingle toluene/SO, adsorption test

¢Competitive adsorption test

“Toluene single adsorption capacity/SO, single adsorption capacity
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Fig.3 The relationship between
SO, adsorption capacities and
A pore volume of <0.7 nm;

B pore area of <0.7 nm. The
relationship between Toluene
adsorption capacities and C
pore volume of 0.7 ~2 nm; D
pore area of 0.7~2 nm. The
correlation between T/S and
E pore area of 0.7 ~2 nm/
pore area of <0.7 nm, F pore
volume of 0.7 ~2 nm/pore
volume <0.7 nm

poplar catkin to adsorb CO, and found that the micropores
of < 1 nm in size as well as nitrogen species lead to remark-
able CO, adsorption performance. Shi et al. (2021) stud-
ied CO, adsorption by microporous carbon nanosheets and
revealed that the high uptake, moderate adsorption heat,
good selectivity, and superior recyclability for CO, capture
can be attributed to the large surface area, high density of
narrow micropores, and adjustable and large-proportioned
ultramicroporosity. It can be inferred that for small molecule
adsorbates (CO,, SO,, etc.) dynamic adsorption, the ultrami-
cropore of adsorbents determines the adsorption properties.

For the toluene adsorption, as Fig. 3 C and D show, there
are high correlations between the toluene adsorption capac-
ity and the pore volume of 0.7 ~2 nm (R*=0.9585) and pore
area of 0.7 ~2 nm (R*=0.9306). As the dynamics diameter
of toluene molecular is 0.68 nm (Qie et al. 2019), it can
be inferred that the micropores over 0.7 nm dominate the
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toluene adsorption capacity of adsorbents. There are deeper
discussions in this work as related researches (Lillo-Rédenas
et al. 2005; Jin et al. 2020) and our previous work (Lu et al.
2021) found that the toluene adsorption capacity is mainly
determined by the micropores of adsorbents rather than the
mesopores and macropores. Furthermore, as Fig S5 shows,
there is no relevance between the toluene adsorption capac-
ity and pore area or pore volume of < 0.7 nm and so does the
relationship between SO, adsorption capacity and pore area
or pore volume of 0.7 ~2 nm.

Though both the toluene and SO, are mainly
adsorbed on the microporous surface as many researches
had reported, the micropore distributions of adsor-
bents dominate the adsorption capacity of toluene
and SO,. The T/S (toluene single adsorption capac-
ity/SO, single adsorption capacity) of adsorbents is
HPC-A > HPC-B > AC > HPC-C as Table 2 shows. It
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reveals that the HPC-A has more toluene adsorption sites
compared with SO,, the HPC-B followed, and then the
AC, yet the adsorption sites of SO, on HPC-C are the
most abundant relatively. A higher T/S means a higher
adsorption selectivity of toluene compared with SO,.
As Fig. 3 E and F show, the T/S has high correlations
with the pore are of 0.7 ~2 nm/pore area of < 0.7 nm
(R?>=0.9989) and pore volume of 0.7 ~2 nm/pore volume
of <0.7 nm (R>=0.9929). Thus, the micropore distribu-
tion of ultramicropore and micropores over 0.7 nm can
interpret why the HPC-A has the highest toluene adsorp-
tion capacity but a lower SO, adsorption capacity, while
the HPC-C has the highest SO, adsorption capacity but a
lower toluene adsorption capacity.

For the competitive adsorption of toluene and SO,,
as Table 2 shows, a higher T/S leads to a lower toluene
adsorption reduction but higher SO, adsorption capacity
decrease. For instance, the toluene adsorption capacity
reduction of HPC-A is the lowest (—3.93%), while for
the SO,, it is the highest (—23.00%). However, for HPC-
C, the SO, adsorption capacity reduction is the lowest
(—2.87%), but the toluene adsorption capacity decrease
is relatively high (—6.85%). The T/S is determined by
the micropore distribution of adsorbents (Fig. 3E, F). It
can be concluded that the micropore distribution domi-
nates the adsorption capacity and selectivity of toluene
and SO,. The ultramicropore are conducive to the SO,
adsorption, and the micropores over 0.7 nm are beneficial
for the toluene adsorption.

Toluene and SO, adsorption kinetics

For all the dynamic adsorption tests, the dosage of the adsor-
bents was 50 mg. The length of the adsorption bed for HPC-
A, HPC-B, HPC-C, and AC were 6 mm, 6 mm, 8 mm, and
3 mm, respectively, due to the great bulk density differences
of HPCs and AC.

The dynamic adsorption breakthrough curve measure-
ment is an effective way to make clear the adsorption kinetics
of adsorbents, and the toluene breakthrough curves of single
and competitive adsorption are as shown in Fig. 4A ~D. The
adsorption breakthrough and saturation time as well as the
calculation of Hy;, of adsorbents are shown in Table S2.
Generally, in the case of the same adsorption condition, a
longer breakthrough time means a higher dynamic adsorp-
tion capacity, and a more rapid increase of the breakthrough
curve indicates a higher adsorption diffusion rate. The
HPC-A has the longest breakthrough time (82 min) with
a rapid increase of the breakthrough curves, while the AC
has the shortest breakthrough time (13 min) and the break-
through curve increases slowly. It can be inferred that the
HPC-A has excellent toluene adsorption properties with high
adsorption capacity and great adsorption kinetics, yet the
AC is not a good adsorbents for toluene adsorption. Mean-
while, comparing the single toluene adsorption and competi-
tive adsorption, the toluene breakthrough curves of HPC-B
and HPC-C become steeper, while the shape of the toluene
breakthrough curve of HPC-A hardly changed, but for AC,
it becomes smoother. It can be deduced that the SO, has
certain influences on the toluene adsorption kinetics.
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Fig.4 The single toluene and competitive adsorption toluene break-
through curves of A HPC-A; B HPC-B; C HPC-C; D AC. E The sin-
gle SO, adsorption breakthrough curves of materials. The SO, break-
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The fitting results of the toluene dynamic adsorption
breakthrough curves through Y-N, Thomas, and A-B mod-
els and the calculation of Hy;r, are shown in Table 3. The
fitting curves of the three models present very high cor-
relation coefficients (R>>0.99) for all the adsorbents. For
the single toluene adsorption, the Hy;p, (HPC-A) <Hy;ry
(HPC-C) <Hy;z (HPC-B) < Hy;r (AC), it demonstrates that
the toluene molecules diffusion resistance of HPC-A is the
least, but for the AC, it is the maximal. Besides, the Ky,
Ky, and K5 of HPCs are much higher than the AC, which
reveals that HPCs have much higher toluene adsorption
rate and lower toluene molecules diffusion resistance. Chao
Long et al. (2012) had revealed that the meso-macropores
of adsorbents can act as the transport channels for VOCs
molecules diffusing into the micropore and internal surfaces,
and our previous work (Tang et al. 2020) also reached this
conclusion. Therefore, the great toluene adsorption kinetics
of HPCs can be attributed to the hierarchical porous struc-
tures with abundant meso-macropores.

The 7, q,, and N,, for competitive adsorption decreased
together with the toluene adsorption capacity compared
with the single toluene adsorption. Comparing the toluene
adsorption kinetics of single toluene adsorption and compet-
itive adsorption, the variations of Ky, Ky, K,p, and Hyp
are shown in Fig S6. It can be found that the Ky, K, Kp,
and Hy;r, of HPC-A have little change. Meanwhile, for the
HPC-B and HPC-C, the H,;, decreased, while the Ky,
K+, and K, increased, but for the AC, the tendency is in
contrary. Thus, for the HPC-A, the SO, has little effect on
toluene adsorption kinetics; for the HPC-B and HPC-C, the
SO, promotes the toluene adsorption kinetics. However, for
the AC, the SO, is not conducive to the toluene adsorption
kinetics. It can be inferred that the SO, promotes the diffu-
sion of toluene molecules on HPC-B and HPC-C, while it
hinders the toluene diffusion on AC. The pore size distribu-
tions of adsorbents could have significant impacts on this
phenomenon.

With regard to the SO, adsorption, the SO, breakthrough
curves of adsorbents are shown in Fig. 4E~H. It can be
found that the breakthrough curves of HPCs are relatively
steeper than the AC as Fig. 4E shows. Thus, less SO, mol-
ecules diffusion resistance on HPCs can be inferred, and
that can be attributed to the hierarchical porous structure
of HPCs. Comparing the SO, breakthrough curves between
single and competitive adsorption, it is remarkable that a
SO, desorption phenomenon can be found on HPC-A when
competitive adsorption as Fig. 4F shows, while the break-
through time of the competitive adsorption is advanced on
HPC-B as Fig. 4G shows. However, the SO, breakthrough
curves of HPC-C and AC have hardly changed between sin-
gle and competitive adsorption as Fig. 4H shows. It can be
inferred that the SO, molecules are very easy to desorb and
even replaced by toluene molecules on HPC-A due to its
abundant micropores over 0.7 nm and rich mesopores. The
SO, adsorption is basically unaffected by toluene on HPC-C
and AC due to their rare mesopores and fewer micropores
over 0.7 nm.

It can be concluded that the pore size distributions of
adsorbents dominate the adsorption selectivity and kinet-
ics of toluene and SO,. The adsorption mechanism can be
described as Fig. 5 shows. For the dynamic adsorption on
carbon adsorbents, the SO, molecules are mainly adsorbed
on ultramicropore, and the toluene molecules are mainly
adsorbed on the surface of the micropores over 0.7 nm.
Mesopores and macropores can decrease the adsorption dif-
fusion resistance of toluene and SO, molecules. Qie et al.
(2019) used the MD simulation to analyze SO, and tolu-
ene combined adsorption on hierarchical pore models and
revealed that the micropore is mostly occupied by SO, mol-
ecules, while toluene molecules tend to store in large-sized
micropores or mesopores. As the micropores which increase
the toluene adsorption diffusion resistance had occupied by
SO, molecules, the adsorption diffusion resistance of toluene
molecules decreased relatively, and the toluene adsorption

Table 3 The fitting parameters

; Material Y-N model Thomas model Adams-Bohart R? Hyirz
of toluene adsorption model
breakthrough curves and
calculation of Hyp, Ky 7 Kr 90 Kag Ny
HPC-A  Singlef 032 9237 0.9 62442 0.9 1.04x10° 09998  1.24
Competitive® 035 8898 021 597.93 021  9.97x10* 09996 1.28
HPC-B  Singlef 0.17  61.65 0.2 350.18 0.12 5.84x10* 09980 3.0l
Competitive® 028  59.89 020 33057 020 5.51x10* 09990 2.10
HPC-C  Singlef 046 4778 026 342.1 026  428x10* 09996  2.17
Competitive?  0.62 4624 035 331.08 035 4.14x10* 09998 1.73
AC Single 0.12 3201 007 208.69 007 1.05x10* 09980 3.68
Competitive!  0.08  30.68 0.06 18654 0.06 9.59x10* 09990 5.03

fSingle toluene adsorption test

£Competitive adsorption test
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Fig.5 The simulation diagram
of toluene and SO, adsorption
mechanism

kinetics improved on HPC-B and HPC-C when competitive
adsorption as a result. For the micropores over 0.7 nm and
mesopores, the toluene molecules are more easily adsorbed,
while the SO, molecules can be easily desorbed or even
replaced by toluene molecules as Fig. 5C shows. Thus, the
SO, desorption phenomenon on HPC-A when competitive
adsorption can be attributed to the rich micropores over
0.7 nm and mesopores.

Toluene cyclic adsorption

As mentioned above, the HPC-A has the best toluene
adsorption performance with the highest toluene adsorption
capacity and selectivity. In practical application of carbon
adsorbents, it is necessary to consider the desorption char-
acteristics which is greatly dependent on the pore network
developed in the adsorbent and the surface properties of
adsorbents (Seung Won et al. 2012). To reveal the reusabil-
ity (stability and reproducibility) of adsorbents, the toluene
cyclic adsorption tests were conducted on the HPC-A. As
shown in Fig. 6 and Table S3, after 4 cyclic adsorption—des-
orption tests, the adsorption capacity of toluene maintained
at 90% (538 mg/g). There is a larger reduction (5%) of

; A
2 Nvab

N | (C) Substitution desorption

3

e

toluene adsorption capacity at the first cyclic adsorption.
But only 2% reduction of the capacity was found on the next
2 ~4 cyclic adsorption. Baytar et al. (2020) did the benzene
and toluene cyclic adsorption—desorption test to determine
the reusability performance of AC, found that the benzene
and toluene adsorption capacity decreased slightly by 8.10%
and 7.42% after five cycles, and revealed that it was due to
the deformation of the adsorbent when it was used again
or due to the saturation of the adsorbent surface. It can be
inferred that the HPC-A has good reusability properties in
practical application, and it can be an appropriative adsor-
bent with great application potential for VOCs adsorption
in coal-fired flue gas.

Conclusions

Various hierarchical porous carbons (HPCs) with different
pore size distributions were synthesized in this work. The
toluene, SO, single, and competitive dynamic adsorption
tests were conducted on HPCs and a type of commercial
activated carbon (AC). The mechanism of toluene and SO,,
adsorption capacity, selectivity, and kinetics were revealed in

Fig.6 A The toluene cyclic (A) (B) %0
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of HPC-A; B the toluene cyclic 104 —=— Origin ‘tm“ ‘_"" | . 45
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this work. The SO, molecules are mainly adsorbed on ultra-
micropore, and the toluene molecules are mainly adsorbed
on the surface of the micropores over 0.7 nm. The ultrami-
cropores determine the SO, adsorption capacity and pro-
mote the SO, adsorption selectivity, while the micropores of
0.7 ~2 nm and mesopores are beneficial for toluene adsorp-
tion. The pore size distributions of adsorbents dominate the
adsorption selectivity of toluene and SO,, a higher ratio
of ultramicropore shows higher SO, adsorption capacity
and selectivity, and a higher proportion of micropores over
0.7 nm shows higher toluene adsorption capacity and selec-
tivity. The SO, can promote the toluene adsorption kinetics
on hierarchical porous carbons, which can be interpreted as
the SO, molecules reduce the adsorption diffusion resist-
ance of toluene molecules through occupying ultramicropo-
res when competitive adsorption. The HPC-A proposed in
this work has high toluene adsorption selectivity, capacity
(585 mg/g), and excellent toluene adsorption kinetics. The
toluene cyclic adsorption tests of HPC-A showed that, after
4 cyclic adsorption—desorption tests, the adsorption capacity
of toluene maintained at 90% (528 mg/g). The HPC-A can
be an appropriative adsorbent with great application poten-
tial for VOCs adsorption in coal-fired flue gas.
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